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PROCEEDINGS OF THE SECTIONS OF THE INSTITUTION* 


INSTALLATIONS SECTION 

18th Meeting of the Installations Section, 

14th October, 1943 

Mr. R. Grierson, the retiring Chairman of the Section, took 
the chair at 5.30 p.m. for the first part of the proceedings. 

The minutes of the meeting held on the 6th May, 1943, were 
taken as read and were confirmed. 

Mr. Grierson announced the Council’s award of premiums 
(see vol. 90, Part I, page 213), for papers read before the 
Section during the session 1942-43. 

Mr. Grierson their vacated the chair, which was taken by the 
new Chairman, Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.). 

Awote ®f. thanks to Mr. Grierson for his services as Chairman 
during the 1942-43 session, proposed by Mr. H. T. Young and 
seconded by Mr. R. H. Rawll, was carried with acclamation. * 

Mr. Ramsey then delivered his Inaugural Address (see Part I, 
No. 37, Jan., 1944, page 21). 

A vote of thanks to the Chainnan for his Address, proposed 
by Mj*. G. O. Watson and seconded by Mr. W. R. Watson, was 
carried vith acclamation. 

19th Meeting of the Installations Section, 
lira November, 1943 

Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.), Chairman of the 
Section, took the chair at 5.30 p.m. 

\ The Minutes of the meeting held on the 14th dctober, 1943, 
were taken as read and were confirmed. ^ y;r--'Y 

A paper loy Mr. S. H. Chase, Associate Member, entitled 
^‘Emergency Lighting Systems- and their Applications, with 
particular reference to Battery Equipments,” was read and 
discussed. # 

A vote of thanks to the author, moved by the Chairman, was 
carried with acclamation. 

MEASUREMENTS SECTION 

108ra Meeting of the Measurements Section, 

22nd October, 1943 

Mr. H. Miller, the retiring Chairman of the Section, took 
the chairtit 5.30 p.m. for the first part of the proceedings. 

THe minutes of the meeting held on the 21st May, 1943, were 
,- taken as read and were confirmed. 

Mr. Miller then vacated the chair, which was taken by the 
new Chairman, Mr. E. W. Moss. 

A vote of thanks to Mr. Miller for his services as Chairman 
Si^uring the 19J2-43 session, proposed by Mr. G. F. Shotter and 
1 seconded by Mr. S. H. Richards, was carried with acclamation. 

Excluding the. Wireless Section,* the Proceedings of which will be found in 
Part I and also m Part III of the Journal. 

♦ Vot 91, Part II. ; .. • ri 


Mr. Moss then delivered his Inaugural Address (see Part I, 
No. 37, Jan., 1944, page 28). 

A vote of thanks to the Chainnan for his Address, proposed 
by Dr. W. G. Radley and seconded by Mr. L. J. Matthews, was 
carried with acclamation. 

109th Meeting of the Measurements Section, 

19th November, 1943 

Mr. E. W. Moss, Chairman of the Section, took the chair 
at 5.30 p.m. 

The minutes of the meeting held on the 22nd October, 1943, 
were taken as read and were confirmed. 

A paper by Mr. A. Hobson, B.Sc.Tech.(Hons.), Associate 
Member, entitled “Instrument Transformers,” was read and 
discussed. 

A vote of thanks to the author, moved bv the Chairman, was 
carried with acclamation. " V 

TRANSMISSION SECTION 

54th Meeting of the Transmission Section, 

20th October, 1943 

Mr. P. E. Rycroft, M.B.E., the retiring Chainnan of the 
Section, took the chair at 5.30 p.m. for the first part of the 
proceedings. 

The minutes of the meeting held on the 12th May, 1943, were 
taken as read and were confirmed. 

Mr. Rycroft then vacated the chair, which was taken by the 
new Chairman, Mr. T. R. Scott, D.F.C., B.Sc. 

A vote of thanks to Mr. Rycroft for his services as Chairman 
during the 1942-43 session, proposed by Mr. H. W. Grimmitt 
and seconded by Mr. F. de B. Hart, was carried with acclamation. 

Mr. Scott then delivered his Inaugural Address (see Part I, 
No. 37, Jan., 1944, page 33). . 

A vote of thanks to the Chairman for his Address, proposed 
by Dr. T. E. Allibone and seconded by Mr. A. H. Roberts, was 
carried with acclamation. 

55th Meeting of the Transmission Section, 

10th November, 1943 

Mr. T. R. Scott, B.Sc., Chairman of the Section, took the 
chair at 5.30 p.m. 

The minutes of the meeting held on the 20th October, 1943, 
were taken as read and were confirmed. 

A paper by Messrs. F. N. Bpaumont, B.Sc.(Eng.), and F. A. 
Geary, Associate Members, entitled “Maintenance of Distri¬ 
bution Plant and Mains on A.C. Networks,’ ’ was read and 
discussed. .. ' • 

A vote of thanks to the authors, moved by the Chairman, was 
carried with acclamation. ’ ' * ' . 
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PROTECTIVE SYSTEMS* 


I. PROTECTIVE SYSTEMS FOR RURAL DISTRIBUTION UP TO 3*3 kV, by D. C 
FIELD, B.A., Member.! 

II. PROTECTIVE SYSTEMS FOR SUPPLY NETWORKS OPERATING AT VOLTAGES 

UP TO 11 kV, by OLIVER HOWARTH, Member.! 

III. PROTECTIVE SYSTEMS FOR RURAL DISTRIBUTION UP TO 33 kV, by R. W. 

STEEL§ and A. W. ALLWOOD, B.Sc.,|| Associated Members. 

IV. AUTOMATIC SELECTIVE ISOLATION OF SUSTAINED EARTH FAULTS ON A 

NETWORK PROTECTED BY PETERSEN COILS, by K. I. BROWN, M.B.E., 
Associate Member.If 

(Four papers read before the Transmission Section 12 th May , 1943, Mr. Brown's paper being read on his behalf by Mr. J. F. Shipley. 
Messrs. Steel and Allwood's paper was also read before the West Wales Sub-Centre 11 th December , 1943). 


I. PROTECTIVE SYSTEMS FOR RURAL DISTRIBUTION UP TO 33 kV 

(The paper was first received 11 th November , 1942, and in revised form 22nd March , 1943.) 


SUMMARY 

General principles regarding protection are discussed, emphasis 
being laid on the importance of considering the prevention of faults 
as part of the problem equally with their isolation. From an analysis 
of the causes of interruptions, which show that a large number are 
only transient, and from the special conditions pertaining to a rural 
system, it is concluded that it is preferable to restrict the number of 
points at which automatic protection is provided, in order to facilitate 
the rapid resumption of supply. 

The methods of protection adopted in one large rural area are briefly 
described, together with, a summary of the experience gained in 
operating several classes of equipment, including arc-suppression coils, 
automatic-reclosing switches and fuse gear. 


(1) GENERAL 

(1.1) Requirements of Rural Protection 


Whilst there may be every reason for using elaborate methods 
of protection on main transmission lines, cables and trans¬ 
formers carrying large and important blocks of load, they are 
quite out of place on rural systems where the economic factor 
has to be continually borne in mind if the services of electricity 
are to be brought within flhe reach of all. r , 

The chief requirements of any system of protection on runal 
network are that it should be simple and the apparatus r used 
robust and reliable. Simplicity results in a saving in cost both 
initially and for maintenance, as special skill is not, required to 
carry out such inspection, checking and testing as may be neces¬ 
sary. Robustness and reliability are also of importance in .keep¬ 
ing down maintenance costs on a system which may cover a large 
area of country with control points often widely spaced and un¬ 
avoidably in rather inaccessible positions. 


Before discussing the question of the most suitable methods 
of protection for rural systems, it might be as well to be quite 
clear as to what is understood by the term “protection.” It can 
be defined either as the means whereby damage to lines and equip¬ 
ment is kept to a minimum and by which the highest standard of 
continuity of supply to the consumer is maintained, or, alterna¬ 
tively, as the method adopted to limit the effects of breakdowns 
and to isolate a faulty section of the system as speedily as possible. 

It is from the former and wider aspect that the author proposes 
to consider the subject and to review' not only the usual or re¬ 
strictive protection equipment, but also preventive measures by 
which interruptions can be avoided and damage to the system 
•reduced. It is unfortunate that protection is often considered 
only in the narrower meaning so that a sense of proportion is lost 
and restrictive equipment comes to be looked upon as desirable 
in itself and not merely as an unavoidably necessary adjunct to 
* the more directly useful part of the system. The result is that 
protective systems tend to grow alarmingly in cost and com¬ 
plexity, with the consequent need of increased skilled mainten¬ 
ance, and to be installed regardless of their true economic 

;;- v\;' 

> ^ "nan^ifflSsiQii Sifictibn. papers. r- ; 

«t Wessex Electricity Co. . •. • -'y . 

i Lancashire Electric Po wer Co. '■ 

w l Cheltenham Corporation Electricity Dept. 

)| Norwich; Corporaidon Electricity Dept. . ■ . _ „ 

Irrigation Branch, P.W«.D. *(H 3 stlro-Electric), United Provinces Government, India, 
pap^r is bas^d on a thesis which was submitted in lieu of the Associate 
Memhemup Examination. * V 


(1.2) Memiptions 

When deciding on methods to be adopted or type of equip¬ 
ment to be used, it is inevitable that a compromise be made 
between the greatest degree of effectiveness and the overall cosjf 
In reaching such a decision full consideration should be given to 
the kind of interruptions likely to be experienced, and the follow¬ 
ing information obtained from the records of the Wesssx Elec* 
tricity Co. shows what the experience has been in one particular 
area. • m 

The Company has an area of about 4 000 square miles which 
is largely rural in character and which has been Mghly developed; 
there are 1 800 miles of e.h.v. overhead lines, of which approxi¬ 
mately 85 per cent are rural, the length of underground cable 
being a small fraction of this. # 

The figures in Table 1 cover the last four years, and in order to 
obtain more reliable data for future use all interruptions attri¬ 
butable directly to wartime hazards have been excluder So far 
as possible only mains and substations which can be classed as . 
rural have been taken into account, although it is not always easy 
to draw this distinction where mixed types of load are supplied. 

It will be noticed that about two-thirds of the interruptions 
were transient; actually^this does not give the full picture of the 
incidence of this class of fault as the total does not include thosg 
which were cleared by arc-suppression coils withcTut interruption 
of supply and those where the circuit was immediately restored 
by automatic-reclosing switches. * 
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Transient :— • 
Lightning .. 
Birds 

Gale and snow 
Miscellaneous 
Unknown.. 


PROTECTIVE SYSTEMS 
Table 1 

Number of Interruptions Expressed as P ercentage of Annual Total 
I 1939 i 1940 r " \ 77 . 1 


I Sustained :— 
Lightning 
Birds 

G.ale and snow .. 
Mains and substa¬ 
tion equipment.. 
Miscellaneous 


Not to be able to ascertain with certainty the cause of an inter¬ 
ruption is always unsatisfactory for an operating engineer, but 
in many instances where proof cannot be obtained there is cir¬ 
cumstantial evidence available to suggest a reason. Some of the 
unknown faults may be intermittent and due to inr.i pipnt break¬ 
down which later may lead to complete failure; others may be 
<^pe to foreign matter blown into the lines or to lightning; whilst 
many are almost certainly caused by birds, which can be respon- 
siblefor quite an appreciable percentage of the total faults. 

(2) PREVENTIVE PROTECTION 
(2.1) Design 

Good design plays an important part in reducing the mimber 
of interruptions. Constant attention should be directed to im¬ 
proving'both the design of individual components and their 
method of use, and every opportunity taken of profiting from 
experience. To dp this it is essential for proper records to be 
kept of all faults, with as much evidence as possible of conditions 
obtaining at the time of the occurrence and of the cause of the 
failure; if these records are periodically summarized and 
analysed much .useful information becomes available pointing to 
.. directions in which improvements in design may be effected. 

• Although somewhat outside the scope of this paper, mention 
may be made of two ways in which design can directly assist in 

# improving continuity of supply. As has already been mentioned, 
birds can be responsible for a not inconsiderable proportion of 
interruptions, due mainly to flocks bridging across between con¬ 
ductors When in flight, or by causing them to clash when fairing 
off simultaneously. This has been found to occur frequently in 
certain districts and at certain seasons of the year; clashing is also 
experienced due to accumulations of snow falling fr om con¬ 
ductors. Vertical disposition of conductors should therefore be 
avoided; if horizontal formation is adopted the risk of elatin g 
is eliminated and the probability of trouble from flying birds 
should be greatly reduced. 

• V& Ihore widespread use of unearthed overhead lines should 
a&ist materially in reducing the number of transient earth faults 
■of all kinds. It has already been found that interruptions have 
noticeably decreased on lines originally ..constructed as “earthed” 
but later operated “unearthed.” 

* (2.2) lightning Arresters 

. It is always a difficult matter to prove the effectiveness in prac- 
% tice of any form of surge protection; lightning is very fickle, vary- 
;ing in its incidence from year to year and place to plaee. 


Three years ago, after several years of trial, lightning arresters 
of the Thyrite type were adopted as standard practice for new 
work at all larger outdoor substations and at the junctions of 
overhead lines and underground cables. In addition, certain 
existing lines have been similarly equipped and in many cases the 
number of failures due to lightning has appreciably declined. 

(2.3) Arc-Svppression Coils 

Because of their ability to clear transient faults harmlessly and 
to prevent sustained faults from causing any interruption of 
supply, arc-suppression coils have a special claim for.attention 
on a rural system which, consisting as it does largely of overhead' 
lines, is very liable to transients and has few closed rings to limit 
the effect of any interruption. 

Edmundsons group of undertakings, of which the Wessex 
Company is one, first installed coils in 1934,* and the early ex¬ 
perience proved so promising that the number has since been 
continuously added to. At the present time, in the East Anglian 
and Wessex areas alone there are 20 coils in circuit protecting 
1 645 miles of mains; in no case is a switch provided for auto-* 
matically short-circuiting the coil in,the.eventpfia sustained fault. 

Although it is pot possible to give statistics of the operation 
of all these jcoils, ^as recording are not always fitted, 

•the figures in Table 2 of the faults successfully dealt with by the 

Table 2 

Melksham 11-kV Arc-Suppression Coil 


Yew .. ■. 

1939 

1940 

1941 

1942 

Number of transient faults 





suppressed .. .. 

Number of sustained faults 

53 

40 

67 

49 . 

. held .. 

;■ 3 • 

'■■■> 5 ' 


10 


coil at Melksham give an indication of the service such a device 
can/i^der. 

An objection sometimes made to arcrsuppression coils is that 
in the case of fallen conductors they can introduce a risk of in¬ 
jurious shockto anyone comingincontactw Whilst 

it would* be Idle^'to^ cbaaas^;- tbatcan be^isualized in 
which such a condition might occur, no case , of ; personal injury 
-has been reported in the areas mentioned during the 8 years the 
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coils ha\e been in use. On the contrary, in one instance at least To meet the case of the sustained fault, as "well as foj 
it has been reported that unsuspecting people have handled the reasons, isolating switches should be provided at tsoni 
broken conductors with complete impunity and without experi- points to enable the system to be sectionalized and the fai 
encing any shock. On more than one occasion a 3-phase supply lated with the least possible delay. .It is important tha 
has been maintained with a broken conductor lying with the two isolators, as well as fuses, should be situated where th 
ends on the ground. readily accessible, since much time can be lost, especially 

. There are many arguments for and against the practice of short- weather and at night, in getting to control points which h 
circuiting an arc-suppression coil after a predetermined period be approached across country on foot. This point is one 
should a fault persist. The advantage of being able to continue is sometimes overlooked and where it is well worth talcing 
supplies until a more suitable opportunity for shutting down has trouble in selecting the most suitable position, 
been proved many times. On one occasion it was possible to " 

maintain supply to a consumer for several hours and so enable ( 3 «2) System Protection 

certain vital and urgent work to be completed. Turning to the question of the type of protection suita 

The chief reason for adopting short-circuiting would seem to rural systems, it might be of interest to describe briefly the $ 
be to obviate the risk of a-double earth fault; this in its turn de- methods adopted in the Wessex area, 
pends upon the condition of the system protected. On a modem The main backbone of the system consists of 33-kV lines 
well-insulated system the occurrence of a double earth fault is ing from the Grid supply points and interconnecting the 
comparatively rare, but on an old system with lower insulation 33/11-kV substations where they are controlled by oil < 
values two or even more simultaneous faults are sometimes ex- breakers which are also used for transformer protection, 
perienced. This is particularly the case for a shbrt time after an large substations the 33-kV lines, the transformers and tfc 
arc-suppression coil is first connected, as the existing system may going 11-kV feeders are all provided with overload and 
contain a number of incipient weaknesses which will probably leakage protection by means of definite-minimum invers 
result in a breakdown eventually; the introduction of the coil delay relays. At substations with transformers of 1 00 
will expedite the elimination of these weak spots. This period capacity and less the 33-kV lines? are normally controlled 1 
can be shortened by intentionally applying artificial earths at lators only, the transformers are protected by 33-kV fuses a 
times when least inconvenience would be caused to consumers 11-kV feeders by oil switches with series overload and 
and when arrangements have been made beforehand for speedy leakage trip coils and time-lag fuses. 

repairs. From these substations the principal 11-kV mains radial 

The installation of arc-suppression coils and their use to the numerous interconnections. They are looped into subsl 
fullest advantage calls for good insulation and a high standard either on oil-immersed isolators or, at certain points, on < 
of maintenance, and this applies not only to the undertaker’s cuit-breakers with overload and earth-leakage protection, 
system, but also to any consumer’s equipment connected to it. In addition to the main substations there are a nism 

It is important that the residual current through the fault when smaller intermediate stations, either on the main line or o: 

the circuit is in tune should be kept to* a minimum. This current lines, to serve local districts where transformation is from 
is chiefly due to leakage on the system, which is another argu- either to 400 volts direct or to 11 kV, the transformers bein 
ment in favour of good insulation and maintenance. On one tected by 33-kV fuses. 

..section of the system, where currents of 8-10 amp are common, The light rural lines either start from these substations 
there have been cases ofarcs being maintained through punctured tapped off the main 11-kV lines.* Where they leave 11-k 
insulators and causing the conductor to be softened by heating stations they are controlled by oil circuit-breakers with ov 
and finally parting and dropping two spans. It has also been and earth-leakage protection and sometimes fitted with 
found that the initial current-rush on the occurrence of an earth matic-reclosing gear, and where they are tapped off overhea 
fault is sometimes sufficient to blow the smaller sizes of fuses and, or are taken direct from small 33/11-kV substations eithei 
consequently, it is advisable to fit 15-amp fuses as a minimum. mounted fuses or automatic-reclosing switches are installedi 

At a few substations wattmetric relays have been installed in All 11-kV pole-mounted transformers are connected 

the feeders to indicate the direction in which the fault lies. At line through isolating switches only. This practice may b< 

first considerable difficulty was experienced in obtaining correct cized on the ground that, in many cases, transformer ar 

indication, but as a result of many experiments several modified- tected by fuses or switches with settings considerably in 

tions were made and reasonably satisfactory service has been of what would normally be provided for each individual! 

given. An important point is that suitable separate current that consequently, when breakdown occurs, they will suffer 
transformers should be used having a small phase-angle error, greater damage before the circuit is interrupted. ^ 

More extensive use of indicating relays has not been made as the This is possibly true, but the question is one of economi 
cost is hardly justified on small sections of a system. modem transformer is a particularly reliable piece of app 

and the savings which may be effected on the few failure 
(3) RESTRICTIVE PROTECTION do occur must be set against the large capita^expenditure 

(3.1) Layout of System •• H ' ’; isajyfo^ fhae protection; . Fi 

In laying out and developing a rural systeffi^^ when ‘transformers are provided with individual protectio 

ducing to a minimum without undue cost the consumer-hours common experience to find that, after the passage of a th 
lost should be kept in mind. In view of the high percentage of storm, many of the fuses have blown without permanent(di 
faults which are only of a transient nature it is more important to the triansformers, whereas with group N protection this t 
that it should be possible to restore supply rapidly than that the is not so widespread, the number of fuses to be replaced 1 
area affected shouldbe keptwithin To this end it- siderably reduced and consequently the number of cons 

is better, therefore, to have few easily accessiblepoints at wbieh hours lost will be less. The precaution of fitting arcing he 
automatic switches or fuses are installed than transformer bushings assists in preventing damage to the 

provided at all substations, transformer equipments and tee~6ff ings themselves, and by arranging them with two in: 
points in the hope that they will discriminate on a faulty Whiciiin one on either side of the bushing, thQ.risk of bir4 trouble < 
~actualspi^^ , • 'elimiiiated;r' 
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(3*3) Automatic-Reclosing Switches 
F$r use # in the more inaccessible parts of the system and for 
controlling lines which have been found particularly susceptible 
to transient faults, automatic-reclosing circuit-breakers serve a 
most useful purpose. Although records are not complete for all 
the switches installed in the East Anglian and Wessex Areas, 
amounting to 67 at the present time, the summary given in 
Table 3 of those that are available shows how valuable these 


addition to a means of isolation they provide over-current 
protection. 

The chief drawback of this type of switch is that it is necessary 
to lower the tank to replace a fuse before reclosing, an operation 
that takes time and introduces the risk of moisture getting in 
when performed out of doors in wet weather. For this reason 
it is less satisfactory for controlling overhead lines which are 
liable to more frequent interruptions. 


p Table 3 

Operation of Automatic-reclosing Switches on 
Transient Faults 


Year 

1939 

1940 

1941 

1942 

Number of switches 
Number of successful re¬ 

16 

28 • 

39 

57 

closures . 

Average number of re¬ 

55 

91 

143 

187 

closures per switch 
Maximum number of re¬ 
closures of any one 

3*4 

3-3 ’ 

3-7 

3-3 

• switch .. 

19 

55 

45 

42 


switches can be in dealing with transient faults; in addition they 
have operated many times on sustained faults. 

Standard indoor circuit-breakers can be fitted with a reclosing 
mechanism in which a spring, rewound either by hand or by 
mqfor drive, provides the operating force. For pole mounting, 
oil circuit-breakers are available which utilize a falling weight for 
.reclosing. Both types usually incorporate, in addition to a time 
lag in tripping, a time delay for the reclosing operation and means 
for locking the switch out should the fault persist. This results 
in a somewhat complicated and delicately adjusted mechanism 
which is liable to get out of adjustment, particularly in the case 
of the spring-operated switches. 

It is doubtful whether all these features are essential, and a 
more reliable equipment would result if some were eliminated. 
For reclosing after a transient fault no further delay than that 
required to operate the switch should be necessary and, if the 
fault persists, the switch might be allowed to run through all its 
available reclosures, particularly if a maximum of three only is 
provided and when the fault current is low, as is generally the case. 

Two methods are used for obtaining time delay, the escape¬ 
ment and the oil-filled dashpot. The latter is not subject to 
mechanical defects, but it is naturally dependent on temperature, 
and in the case of switched installed out of doors the variations 
experienced can be considerable. When dashpots are used for 
delaying The tripping operation, difficulty is sometimes experi- 
enced in obtaining satisfactory discrimination under all condi¬ 
tions* so far 4his problem has not proved insuperable, but it is 
possible that it would be more pronounced with higher fault 
currents when grading with protection having an inverse-time 
characteristic. ‘ ■ 

: A certain amount of trouble has been experienced due to rust¬ 
ing both in the mechanism and of the external chain, causing 
failure ^io operate. A greater use of rustless material would * 
gigatiy reduce the chance of any part sticking. 

* ... . (5.4) Switch-Fuses 

4 controlling short cable extensions and transformers oil- 
immersed switch-fuses installed both indoors and outdoors have 
proved very useful. These are circuit-breakers incorporating 
fuses whiclf interrupt the faulty phase and then trip the switch bn 
all three phases. Their -cost is comparable with^ 
immersed isolators which might be used in such a position, but in 


(3.5) Fuse (Jear 

It is the characteristics of simplicity and economy that are the 
chief reasons for fuses being employed so extensively for the 
protection of rural lines. They require no special maintenance 
although, on the other hand, it is necessary to carry a large stock 
of spares dispersed throughout the area to be instantly available 
when required. . It is of considerable assistance in keeping down 
the number of spares if the fuses are of the rewirable type which 
can be easily reconditioned by the operating staff without the 
necessity of returning them to the makers. Another very desir¬ 
able feature is that fuses which have blown can be detected from 
the ground without the .need for closer inspection or test. 

Two types have been used on e.h.v. lines, namely the carbon- 
tetrachloride and the h.r.c. cartridge fuse. Both are capable 
of satisfactory service, but the former has a higher initial cost 
and generally requires reconditioning by the makers; it has, 
moreover, a very high speed of operation, introducing difficulties 
in grading. 

The operation of a cartridge fuse, enclosed as it is in a ceramic 
tube, cannot be detected visually without some form of indicator. 
This can be provided and it is also possible to make this fuse 
suitable for rewiring by a man working to simple Instructions. 
Some of the earlier 11-kV fuses used gave trouble due to moisture 
entering under the caps; this was cured by using cement more 
suited to outdoor service. The same effect has been experienced 
with 33-kV fuses, but although many improvements have been 
effected it cannot yet be said that the problem has been entirely 
solved and complete reliability achieved. Too frequently reports 
are received of shattered tubes or of fuses failing to clear but con*? 
turning to carry current and rendering the whole tube incan¬ 
descent. It has been suggested that the latter phenomenon may, 
in the case of the higher-rated fuses embodying two elements in 
parallel, be caused by a surge dissipating the current-carrying* 
element but not being of long enough duration to rupture the 
fusing element which is left carrying the normal load current. 
This theory is somewhat difficult to believe as one would expect the 
fusing element to rupture long before the tube reached white heat. 

The indicating devices so far used have not proved entirely 
reliable, thereby defeating their object, and it is to be hoped that 
this defect will be overcome, as a dependable form of indication 
can be a great time-saver. ♦ 

The mounting of fuses calls for ease of access and replacement. 
33-kV fuses, which are used chiefly in substations, are most con¬ 
veniently carried on fixed mounts and controlled by isolating 
switches. On 11-kV lines two methods have been used, the pull¬ 
down and the withdrawable. Tie former consists of* a steel 
framework hinged to the pole with the fuses ihouhted at the top 
and contacts which engage with fixed contacts on the pole. For 
replacement the framewprk can be swung to a convenient height 
and the fuses easily changed from ground level. The most suc¬ 
cessful type has been one operated by a lever which has proved 
superior to earlier ihqctete a monkey winch or a pole. 

This gear has the merit of permitting quick changing of fuses 
under all conditions, but requires care in erection -and mainten¬ 
ance to ensurecorrect aligome^ prevention 

•ofsticking ofniOYh® ^ 

The withdrawal type consists eit&er of & single poreel^in insil- # 
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lator mounted vertically with a contact at each end and into 
which the fuse is inserted or, alternatively, of two separate pin 
insulators carrying the contacts one above the other. In each 
case the fuse is inserted and withdrawn by means of a pole 
operated from the ground, and is retained in position by a 
bayonet fixing. This fuse gear is simple, robust, easily erected 
and should require no special maintenance, but it entails the use 
of a special rod which must either be carried about by the opera¬ 
tor or provided at each control point. It will also be appreciated 
that it is not a simple matter to replace a fuse at the end of a 20- 
ft pole under adverse conditions, for instance on a dark night with 
a high wind blowing, and it is impossible to provide any indica¬ 
tion of a fuse haying operated. ' . 

On 400-volt overhead lines the “Clevis” carrier, with cartridge 
fuse, fixed about 10 ft from the ground, provides a convenient 


and economical method of protection and has pft 
for currents up to 100 amp. For heavier loads 
to use service-type cut-outs housed in a weather 
single-insulator withdrawable type, already desc 
service, has been tried for duty up to 200 amp, 1 
heating and burning of contact surfaces occurre 
currents and it would seem that this design is o 
lower ratings. 
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H. PROTECTVE SYSTEMS FOR SUPPLY NETWORK OPERATING AT VOLTAGES UP TO 

(The paper was first received 12th September , and in revised form 9th December , 1942.) 


SUMMARY . 

The paper consists of a description of the area supplied by the 
Lancashire Electric Power Co., and of the nature of supplies afforded 
in that area. The 11-kV distribution system and the protective 
arrangements employed thereon are described, and figures showing 
availability of supply to consumers during a period of 1 year are 
given. The testing necessary to ensure satisfactory functioning of the 
protective gear is also described. 


consumers’ substations and also substations suj 
works are supplied by means of a tee-off froi 
Change-over arrangements under the consumers’ 
vided in each substation, enabling him to change 
feeder to the other should his supply fail. The c 
feeders is such that one feeder will carry all the loa 
The final l.v. distribution system is 3-phase * 
volts. Many of the l.v. networks are fed from 
or adjacent to, industrial consumers’ premises. 


(1) DESCRIPTION OF AREA 

The area covered by the Lancashire Electric Power Co. com¬ 
prises approximately 1 200 square miles in that part of Lanca¬ 
shire which is situated south of the Ribble. It excludes all the 
cities and most of the towns within that area. The undertaking 
is the authorized distributor over the rural part of the area and 
in a number of the smaller townships. The largest town in 
which the undertaking has powers to distribute has approxi¬ 
mately 31000 inhabitants. Bulk supplies are afforded to 
13 boroughs and townships with populations varying from about 
3 000 to 90 000. The total population of the areas in which the 
undertaking distributes l.v. supplies is 300000, and supplies are 
afforded to 60 000 domestic consumers. 

The maximum demand on the undertaking for the 12 months 
ending March, 1940, was 164 000 kW, and the units sold 
amounted to 585 000 000, of which 240000 000 went to bulk 
supplies, 43 000 000 were sold direct to domestic, shop and small 
power users, and 283 000 000 were supplied to industrial users. 


(3) EARTHING 

The 11-kV networks are earthed by means of li 
which limit the current to 300 or 450 amp. 
3-kV systems and the l.v. systems are solidly eart 

(4) PROTECTIVE SYSTEMS ON FEE 

No pilot protection is provided on any of the 
voltage lines. The normal protection consists c 
earth-leakage protective gear. 

At the generating stations and other centres 
there are two overload plunger-type relays with ti 
two inverse time-lag induction relays with final 
and one earth-leakage relay with provision for fi 
fuse to afford a slight time-delay if desired. All 
electrically operated, and the relays, are provide 
contacts to open the switches. 

In the substations where the supply is stepp 
11 kV and from 2 or 3 kV similar protection is 


switches are manually operated and the means of 
(2) SYSTEM OF DISTRIBUTION sists of a coil and plunger, the latter tripping the s\ 

The undertaking has three generating stations, one which ally. Time-delay is only provided in special case: 
generates at 33 kV and from which no 11 kV feeders radiate, and delay is provided time-lag fuses are used, 
two generating at 11 kV. All three are selected stations. There In the past it has been found that the protect 
is a 33-kV main transmission system which feeds eight 33/11-kV some of the earth-leakage protective gear has 
step-downcontrol stations. owing to the unsatisfactory nature of the currei 

Htgn-voltage distribution is at 11 kV, with a certain amount of It has not always been appreciated by the supplier 
subsidiary 2-kV and 3-kV distribution. Of the total length * gear that an earth-leakage relay or coil and plu 
approximately ^ 50 % is imderground and 50% overhead. vThe considerable burden on a current transformer, an 
11-kV system is divided into twelve 11-kV networks, which can earth-fault current energizes one current transfoi 
be interconnected but are normally run as separate networks# dary of that transformer must not only provide si 
^ ^ :< ? m stations, eight from and current to operate the earth-leakage trip but n 

* - ~ ■ step-down substations and two from points where bulk the current to magnetize the current transforme; 

" supplies are it purchased. These substat^^ two phases, the secondaries of which are in para 

attenc * e< i* The 2-kV and 3-kV lines are supplied from which provide an alternative path to the earth-k 

° l*/2-kV or 11/3-kV step-down substations, which are unattended. for the secondary current. „ < 

£beSeaFS'.iagre.-'in Cases have come to light where the earth-leak 
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not operate undes any circumstances because the current trans¬ 
formers saturated before sufficient voltage was available to pass 
tripling current through the earth-leakage trip coil. There have 
been other cases where more current was required to operate the 
earth-leakage trip than the overload trips. More attention is 
being paid to the proper matching of the various items nowadays, 
and this trouble is rarely met with in newly supplied gear. It 
has, however, compelled the undertaking to test every switch 
and the protective gear associated with it before putting it into 
service. • 

Where feeders are in parallel from one set of busbars to 
another, parallel-feeder protection is employed. Much of this 
parallel-feeder protection is of the type employing biasing trans¬ 
formers. There are six sets covering two feeders, three sets cover¬ 
ing three feeders, and one set covering four feeders. In each case 
the gear operates on the balanced-current principle at the point 
where the system is earthed, and on the balanced-power system 
at the point remote from that. Some of the two-feeder installa¬ 
tions may be fed from either end, and in these cases provision is 
made—by means of a change-over switch at each end of the 
feeders—to change the gear over from balanced power to 
balanced current, or vice versa, in order to accommodate the 
different operating conditions. In this type of equipment no 
wattmeter movement is employed with the balanced-power gear. 
The directional effect is obtained by adding a voltage from the 
voltage supply to a voltage provided by the current, by means of 
the biasing transformers, these being arranged to orient the 
voltages so that the maximum sensitivity of the gear occurs at a 
ppwer factor of about 0*7. The disadvantage of this type of 
gear is that the fault current required to trip it is a variable 
quantity depending upon the phase of the current. So far no 
trou&e has arisen on this account, as satisfactory operation can 
be obtained with a wide range of operating currents. If the fault 
current on one phase is related to the voltage of the same phase 
there will probably be only a small voltage available to operate 
the gear, as the inevitable result of a fault is a reduction of voltage. 
The operating voltage is obtained from a transformer which is 
supplied from the other two phases and is designed to deliver a 
voltage different in phase from the primary and such that the 
relay is most sensitive to fault currents lagging by about 45°. A 
similar arrangement is provided for each of the three phases. 
Fig. 1 is a line diagram illustrating the principle of the balanced- 
power gear. . 

^ The advantage of this type of gear, employing biasing trans¬ 


formers, is that the relays are of the simplest possible^pattcrn. 
They are of the attracted-armature type and merely have to be 
set to operate when the current exceeds a certain value. There 
is a reasonable amount of power available for operating them 
and, being of a simple pattern, they give little or no trouble pro¬ 
vided they are well designed and constructed. The principal 
trouble with gear of this type has occurred in connection with the 
alignment of auxiliary switches on the main breakers and with 
the contacts of these switches. Whilst the troubles experienced 
have been few, it is a tedious job'to trace such a iault to its source, 
as fairly complex arrangements have to be made in order to carry 
out a rigorous test on this type of gear. 

The latest parallel-feeder protection installed on the Il-kV 
system is of the Translay type, and is installed on four feeders 
which operate in parallel between one of the generating stations 
and a bulk-supply user. Translay balanced-power relays consist 
of a double relay movement. The upper element has the secon¬ 
dary winding on it and is the one whose contacts trip the switch. 
The lower element is the wattmeter element, and if power flows 
out from the busbars the contacts will close and short-circuit a 
portion of the winding of the upper relay, thus enabling the 
upper relay to operate if the current is (a) flowing out from the 
bars, and is (b) in excess of the current flowing out from the bars 
in the other feeders. The wattmeter clement is sensitive, and in 
consequence the value of fault current required to trip the switch 
is independent of the phase of the fault current, A relay is pro¬ 
vided for each phase and one for earth faults, the current in the 
earth-fault relay being related to a “residual"’ voltage. Whilst 
the relays are numerous, they are of the induction type and are 
robust. Electrically operated auxiliary switches have been used, 
on this equipment and have proved very satisfactory in service. 

One advantage of this type of protection is that the switches 
are mounted on the relay panels, arc under observation and are 
not disturbed by overhauls of the oil switches, as sometimes 
happens with auxiliary switches mounted on the main oil switches. 
Fig. 2 is a line diagram Illustrating the arrangement of the 
balanced-power gear. 

(5) TRANSFORMER PROTECTION 

Transformers which step down from 11 kV to 2 or 3 kV or to 
400/230 volts, and transformers which step down from 2 or 3 kV 
to 400/230 volts, are protected by means of overload and earth- * 
leakage protection. 33/11-kV step-down transformers have re¬ 
stricted earth-fault protection on both sides in addition to standby 


High-voltage busbars and feeders 



Fig, 1.—Parallel-feeder balanced-power biasing-transformer protection. 

* Yoltage-circutt biasing transformers. IB — current-circuit biasing transformers. R » relays. VT «* voltage transformer 

switches shown in the “dredt-breate closed” position. TWpping Intacta and circuits^omitted ?* *‘ Hary 
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Fig. 2.—Line diagram of Translay balanced-power protection for parallel feeders. 

Ji, I 2 — Relay current winding. S =» Relay secondary windings. V = Relay voltage windings A — Anvils™ 

VT = Voltage transformer Tripping contacts and drcuitsTr?Smitted. Auxilia ^ switch C01 « a *s. 



overload protection on the secondary side. The restricted earth- 
fault protection on the 11-kV side is operated from four current 
transformers, one in each phase and one in the neutral earthing 
connection. On the 33-kV side there are only three current 
transformers, one in each of the three phases, as the star point 
of the 33-kV winding of these transformers is not used for earthing 
the 33-kV system. The protection on the 33-kV side is thus 
exactly similar to the ordinary earth-fault protection which is 


33 KV 



R = . Induction-type relays. 


used on the feeders and on the transformers stepping down from 
."■* 11 kV and from lower voltages. Hg. 3 aiustrates the aifange- 
ment. ■ 

(6) FAULT-LOCATION INDICATORS 
In order to enable faults on 11-kV feeders to be qu ickly located, 
and the sound portions put back into service, a simple type of. 
current transformer was developed which could be mounted 
rqund the cable just below the dividing box. This has butt joints 
onthe iron cirMtand can be put rOpndthe cable and then bolted , 
, together. • Coijpected to the. secondary of this transformer is a 


fairly sensitive relay, which merely indicates whether the sum of 
the three currents in the cores of the cable is more than a fairly 
low predetermined value, i.e. whether there is an earth-fault 
current flowing. The earthing connection of the dividing box 
must also come back through the current transformer, so as to 
avoid any return current passing along the armouring from 
neutralizing the effect of the out-of-balance, in the cores of the 
cable. 

These relays aie placed in control stations and substations 
where the feeders come in and go out again. When a feeder 
trips on account of an earth fault, the section on which the earth 
occurred can be found by inspecting these relays. The earth is 
on the section between the last relay which is indicating and the 
first relay which is not indicating. The feeder up to that point 
can then be made alive immediately, whilst the exact location of 
the fault is ascertained and the necessary repairs malted. These 
indicating relays have proved very reliable and satisfactory in 
service. 

(7) RECORD OF INTERRUPTIONS 

It should be borne in mind that the duplicate feeder system 
enables a consumer to change over from the faulty to the sounds 
feeder should his supply fail. This results in a resumption of 
supply to consumers in a few riiinutes after a feeder has tripped. 

The criterion by which a system of protection is judged is- 
whether it keeps the interruption time to consumers down to the 
minimum. The statistics of the interruptions have been ex¬ 
tracted on a basis of mile-hours of line. The mile-hours of inter¬ 
ruption, expressed as a percentage of the total mifc-hours of line, 
gives the percentage loss of supply which, when deducted from 
100, will give the figure of merit of availability of the supply. 
The figures for the undertaking for the year ending the 31st 
March, 1940, show the total mile-hours of line interruption to 
be 0 09%. When a deduction is made from the loss due to the 
availability of supply on the sound line this percenta^loss is 
reduced to 0-001%, i.e. an average of approximately 6 Krismtes* 
per annum. The figure of merit is 99-999%. 

(8) PROTECTIVE-GEAR TESTING 

The need to test protective gear to ensure correct and reliable 
operation has been mentioned in earlier sections of this paper J 
It is sufficient to add that in order that the test m£y be as com¬ 
plete as possible it should consist of a rigorous test on each itemr 
with a final test on the equipment after installation by the method 
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of primary injection. In the case of manually operated gear of 
the coil-and-plunger type which trips the switch mechanically, 
primary mjectio# tests on site are generally sufficient. Contact- 
making relays should be separately tested for accuracy and 
^fective performance, preferably in the testing laboratory. 
Whilst this procedure may appear cumbersome and expensive 
to those who are unfamiliar with it, in actual practice it works 
quite smoothly. The cost and inconvenience Of passing relays 

t nd ’ where necessary, voltage transformers] 
through the testing laboratory is more than justiffed by the re- 
duction in the amount of work to be carried out on site. 

There is rarely any difficulty in making primary injection tests 

or sh<xt-suxl cubicle gear, but the same , 
cannot be said of oil-filled and compound-filled ironclad srear. i 
Primary injection tests are the more necessary on this type of gear i 
owing to the impossibility of making a visual check of the con- i 
nections. Where current transformers are mounted in the fixed j 
portion of ironclad gear, between the spouts and the dividing 1 
box, some arrangement should be provided 'for passing full , 
primary current through the current transformers after, the t 
lviding box has been made off. This can be done by means of i 
connections t0 the voIta S e -transformer spouts where these t 

The author’s experience indicates that certain tests common 
to all types of protection are worth making, as they reveal defects 
and errors which may exist in individual items of apparatus, c 
Particulars of these tests are given below. f 
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Satisfactory tripping of mechanically operated switches and 
satisfactory operation of relays, including any intermediate relays, 
is noted during the above test. 

(8.5) Restricted Earth-Fault Protection 

Stability and tripping current are tested just as the earth relay 
of overload and earth-leakage protection is tested, except that 
there are four current transformers involved, one being in the 
neutral earthing connection. 

Where heavy short-circuit currents are possible and the earth- 
fault current is limited by a resistor, it is advisable to pass the 
maximum short-circuit current (which is determined mainly by 
the transformer reactance) through two of the phase current 
transformers m opposite directions, and at the same time to pass 
the maximum earth-fault current through the neutral current’ 
transformer and each of the phase current transformers in turn 
again in opposite directions. The current in thd relay is measured 
both with and without the equivalent of the earth-fault current 
passing. The test is repeated with the remaining phase current 
transformer substituted for one which has been tested It is 
usually necessary to make this test in the laboratory, owing to 
the heavy currents involved. 


• • (8.1) Relays 

Accuracy of current settings. 

• Accuracy of time scale. 

^*If thd VA burden of the type of relay and the speed of opera¬ 
tion of the type of instantaneous relay is not known, tests should 
, be made to ascertain these, but it is unnecessary to test each indi¬ 
vidual relay. 

( 8 . 2 ) Current Transformers 

Current ratio. 

Open-circuit secondary voltage with twice rated primarv 
current. 

Direction. 

(8.3) Voltage Transformers 

Voltage ratio. 

Direction. (Where, secondary windings are provided on a 
% 5 ' 1 , unb 3-phase voltage transformer or on three single-phase 
voltage transformers to give a “residual” voltage, these should be 
checked fior direction when one phase is short-circuited.) 

* • ab ove tests can generally be carried out most economically 
in the testing laboratory, although there are cases where it is more 
convenient to make them on site. The advantage of testing in 
the laboratory is that if any doubtful result is obtained the re¬ 
sources of the laboratory are to hand for investigation. 

In addition to the tests described above, the following tests 
have been found desirable on the types of protective gear under 
consideration. . 

(8.4) Overload and Earth-Leakage Protection 
. .. C “7^ nt is passed through each pair of phases in opposite 
dtfootions and the earth-leakage relay examined to see that there 
is no tendency to trip; or, if necessary, a milliammeter of low 
impedance is connected in series With the earth-leakage relay and 
the reading noted. 

*;The currents required to trip the switch with the overload? 

• relays or plungers at various settings are noted. 

The currftits required to trip the switch with the earth-leakage 
•relay or plunger at various settings, with the current passed 
through each phase in turn, are noted. 


(8.6) Parallel-Feeder Balanced-Current Protection 

Stability of the phase-fault protection is tested by passing 

current in one direction through all the red-phase current trans¬ 
formers in series and in the reverse direction through all the 
yellow-phase current transformers in series. Currents in phase 
and earth-fault relays are measured. The tests are repeated 
using blue and yellow or red phases. Fault settings are tested 
by passing current in opposite directions through each pair of 
phase current transformers of each feeder in turn. 

Stability of the earth-fault protection is tested by passing 
current in the same direction through each red-phase current 
transformer and measuring the currents in the phase and earth- 
fault relays. The tests are repeated on the yellow phases and 
again on the blue phases. Fault settings are tested by passing 
current through each phase of each feeder in turn. 

(8.7) Parallel-Feeder Balanced-Power Protection 

The tests are similar to those carried out on the balanced- 
current protection, with the addition that the currents must be 
related to the voltages suppHed.to the voltage transformers. 
Tnpping currents are tested on each feeder with the current in a 
direction equivalent to power flowing away from the busbars. 
An additional test must be made on each feeder to prove that it 
will not trip when power is flowing to the busbars. It is desir¬ 
able, where practicable, to energize the voltage transformers from 
the h.v. system; this can usually be done by making the feeders 
alive. The current transformers must be isolated, of course, to 
enable the testing currents to be passed through their primaries. 
If it is not practicable to energize the voltage transformers from 
the h.v. system, the secondary leads can be taken off the secon¬ 
dary terminals and a suitable 3-phase voltage in the correct phase- 
sequence supplied from an alternative source. 

Experience has shown that with fairly complex protection, such 
as balanced-power parallel-feeder systems and some types of 
balanced-current systems, it is very desirable to have the whole 
of the gear in the laboratory and to make very comprehensive 
tesfe to dete characteristics and limitations of the gear. 


•:-;--y.. muvu uavb : 

different sensitivities on different phases owing to unsymmetrical 
arrangements. Defects and errors which would have required 
days tp trace on site can be traced in a few hours in the labora¬ 
tory- Again, the Mormation obtained in tife laboratory enables 
the site tests to be reduced to the barest -minimum* -Site ‘testing * 
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is far more expensive than laboratory testing, and laboratory 
testing to reduce the amount of site testing necessary is com¬ 
mercially sound. 

(8.8) Switch Speeds 

The speed of operation of non-manually operated switches is 
tested as a matter of routine. The speed of opening and the time. 
taken to close and open are tested. This is necessary in order 
to detect any sluggish switch which, if put into service, might 
allow faults to remain on the system long enough to cause opera¬ 
tion of back-up protection, resulting in unnecessary interruptions 
of supply. 

(9) CONCLUSION 

The experience of the Lancashire Electric Power Co. indicates 
'that with a duplicate tail-end feeder system simple overload and 


earth-leakage protection will ensure the mimmum of inter¬ 
ruption of consumers’ supplies provided adequate tests*are made 
to prove the reliability of the gear. Where twe or more feeders 
operate in parallel between sending and receiving stations, and 
provided that the load tapped off along the route does not exceed 
about 50% of the normal load of the feeder, very satisfactory 
discrimination can be obtained with parallel-feeder protective 
systems. 
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III. PROTECTIVE SYSTEMS FOR RURAL DISTRIBUTION UP TO 33 kV 

{The paperwas first received 1th December ; 1942, and in revised form 1 Ith March , 1943.) 


SUMMARY 

The importance of installing suitable and efficient protective 
apparatus on rural networks, at all stages of their development is 
emphasized. ..... 

A typical protective scheme for ah 11-kV and 33-kV rural distribu¬ 
tion system which has been put into operation in a particular area of 
supply is described, and the reasons leading to its adoption are given. 

The practical difficulties met with in securing efficient operation and 
of carrying out proper maintenance are discussed. Some statistical 
records of fault interruptions are presented. These indicate the number 
apd type of faults causing total or partial failures of supply and show 
the conditions under which the protective gear is called upon to 
function. . 

The nature of the faults which occur on rural networks is analysed 
and a suggested standard form of keeping fault statistics is put forward 
for general adoption by undertakings distributing in rural areas. 

(1) INTRODUCTION 

In urban areas, the occurrence of faults on distribution systems 
inevitably results in the disconnection of relatively large numbers 
of consumers, even though the interruption is confined to a single 
distributor in a residential area. The multiplicity of interests 
thus affected initiates numerous courses of action on the part of 
individuals wanting their supply restored as soon as possible. 
The consequence is that many telephone calls are received or 
personal visits are made to the supply undertaking’s offices, fpr 
imme diate action to be taken to restore supply. 

The number of such calls for action has generally been taken 
as representing the degree of importance of the occurrence, and, 
as a result, interruption of supply in urban areas has, been con¬ 
sidered of greater consequence than interruptions in rural areas. 

Although much larger sections of the network may be affected 
by an interruption of supply in a rural area, due to the sparseness 
of population in the area, its technical features, and fewer tele¬ 
phones being available, there is considerably less clamour for 
restoration of supply. 

On some occasions the supply undertaking may only become 
aware of an interruption of supply to a village or a section of a 
village, on the receipt of a postcard asking “when the supply 
which has been off since yesterday will be restored.’ ’ This type 
of reaction to interruptions has not tended to create the impres¬ 
sion that die continuity of rural supplies is an important matter, 
and such reaction is, no doubt, largely the result of relatively 
frequent faults which the consumers have come to regard as 

inevitable. r . ... . 

3his attitude of mind, bom of the pioneer period in rural 
' electrification, has been undergoing rapid chapge in recent years. 
^ The rural consumers axe beginning to expect and demand more 


reliable service, and the importance of rural loads is beginning to 
rank equally with that of urban loads. 

The type of load connected in rural areas is no longer purely 
agricultural lighting, heating and cooking, but includes electric 
clocks, wireless sets, incubators, pumping and industrial loads. 
The interruption of supply to any of these is important to the 
consumer, and requires urgent action to be taken to restore 

supply. . 

These types of load require that much greater attention than 
was formerly considered necessary should be paid to means-of 
protecting the distribution system against interruptions due to 
faults, and the selection, installation and maintenance of .pro-, 
tective apparatus is an important factor in reducing to" a mini¬ 
mum the number of consumers affected by an interruption. The 
extent to which protection can be carried depends on the amount 
of money which can be spent on it, and thus must, for the time 
being at least, be determined by local economic conditions. „ 

(2) FUNCTION AND PLANNING OF A PROTECTIVE SYSTEM 

A protective scheme for a rural e.h.v. network must cover all 
the high-voltage lines and apparatus connected to the system, 
including the main feeders or transformer bank, the main trans¬ 
mission lines, the ringmains or distributors, the spur lines and 
the high-voltage windings of transformers and all the switchgear. 

The f unc tion of the protective gear is to disconnect or render _ 
harmless any fault which develops at any part of the system, with 
a minim um interruption of supply to consumers and with a mini¬ 
mum of damage to apparatus. To achieve this in a large jural 
area, with an interconnected network, is not as simple as would 
at first appear, and in every case the particular design of the net¬ 
work must be taken into consideration in determining the 
arrangement and type of protective gear. " 

When an area is being developed a general idea should be 
formed of the load to be expected, and the network so designed 
that when development has reached an advanced stage the sec¬ 
tions which were constructed in the early stages fit into their 
proper places in the complete scheme. It should not be very 
difficult to anticipate, with a reasonable degree of accuracy, how 
the load is likely to build up under normal circumstances ctejgpg ; ; 
the next decade or two, and to prepare a general scheme to cater 
for the expected output. The making of such a survey and the 
preparation of a scheme to deal with its requirements: should 
mgk<». possible ffie selection of protective apparatus which will 
serve the needs of the network without undue modification or 
replacement, not only in the early stages but also wfi&n the loads. 
have grown to many times the value reached in file first few years- 
of operation. Such considerations may fully justify the installa- 
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tion of protective gear which, at first sight, seems unduly elaborate 

and complicated, but which fits well into the scheme as it takes _ 

on a more definite*shape. In this way, adequate protection can Year 

be given to a network at each phase of its development without ending * - 

the drastic alterations occasioned when extensions are made March 
piecemeal without reference to a comprehensive basic plan. 


• (3) TYPICAL PROTECTIVE SCHEME 

(3.1) Description of Network # 

* protective scheme to be described and discussed in this 
paper has been applied to a network -which covers an area of 
approximately 700 square miles. Development of the rural area 
began in 1926 by extension of the 6 • 6-kV feeders from the central 
urban area, but owing to the distance involved it was decided 
that the e.h.v. distribution should be at 11 kV. The rate of de¬ 
velopment of the rural area is indicated in Tables 1 and 2. 

The load on the system has shown a steady increase, and the 
figures of maximum demand, units sold and annual revenue 
(Table 2) show the extent of the risk for which the cost of pro¬ 
tection may be considered as a premium. 

At the stage reached at present, the network comprises a main 
11-kV ring which runs approximately parallel to the boundary 
of the area of supply. Radial feeders from a selected station 
feed into the ring at a number of points. Two of these radial 
feeders operate at 11 kV and are supplied through a bank of 
6-6/11-kV step-up transformers consisting of two 2000-kVA 
units, grouped together for switching purposes, and one 5 000- 


Table 1 


Year 
ending * 

Length of 6-6-kV 

Length of 11-kV 

, Length of 33-kV 

31st 

March 

O.H. 

line 

Cable 

O.H. line 

Cable 

O.H. line 

Cable 


miles 

miles 

miles 

miles 

miles 

miles 

1930 

3-0 

4-4 

80-2 

38*4 



1935 

5-2 

7*6 

345-2 

81-3 

_ 


1940 

9*2 

8-7 

400-5 

135-6 

23*9 

7-5 


Table 2 


Year 

ending 

31st 

March 

Maximum 

demand 

No. of 
sub¬ 
stations 

kVAof 

distribution 

trans¬ 

formers 

. Units 
sold 

Annual 

revenue 

1930 

kW 

400 

22 

1 320 

1200(500 

£ 

12 500 

1935 

2 797 

.277 

11200 

7 053 000 

59 300 

1940 

5 740 

596 

23 345 

14 574000 

115 500 


kVA unit. The remaining two radial feeders are 33-kV feeders, 
each fed by a 6-6/33-kV 7 500-kVA transformer, being con¬ 
nected to the 11-kV system by a corresponding 33/11-kV trans¬ 
former at the remote end. 

From the main 11-kV^ring, spur lines and secondary rings feed 
the various distribution substations. 

The general arrangement of the network is shown in Fig. 1. 



Fig. 1.—County e.h.v. network. 


□ Main substations. 

O Kiosks and ring-main breakers. 

• Outdoor and pole-type substations. 
i O Section switches.: ^ 


33-kV feeders. 

—- Main 11-kV lines. 

—. Subsidiary e.h.V. lines.. 
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(3.2) "Considerations leading to the Choice of Protective 
Apparatus 

The protection originally provided on the system consisted of 
over-current induction-type inverse and definite-minimum time- 
lag relays on the main transformers and 11-kV feeders.and over¬ 
load a.c. trip coils with time-lag fuses on the distributors. As 
was only to be expected, when a heavy fault occurred near the 
remote end of the network all the time-limit fuses blew together, 

. allowing their associated switches to trip. This occasioned many 
delays in locating all the switches which had automatically 
operated,, and in restoring supplies to the consumers on the 
healthy sections. 

The problem then arose of applying a system of protection to 
the existing network and of selecting one which would form part 
of the scheme with a minimum of alteration. The network was 
growing at an ever-increasing rate and it was necessary that the 
scheme adopted should be sufficiently flexible to be adapted to 
the rapidly changing layout of the system. Better facilities for 
telephone communication between main substations was highly 
desirable, as existing facilities over the 24-hour period were not 
at all satisfactory.* It was also essential, in view of the increasing 
short-circuit kVA available, to keep the operating time of the 
automatic switches to a minimum, so that the destructive effects 
of fault current would be minimized. 

Among the limiting features was the fact that the main sections 
of the e.h.v. distributors to which the protection was to be applied 
were tapped at many places, and also the fact that the length of 
the sections was not sufficient to enable a time/distance system to 
be used with success. There were no pilot wires available for use 
with discriminating protective systems, and the cost of erecting 
separate pilot wires where the e.h.v. distributors consisted of 
underground cables and of modifying existing overhead lines to 
carry pilot wires was prohibitive. 

The scheme which was finally adopted for discriminating pro¬ 
tection on the main distributors was the “Interlock” system, and 
pairs of wires were hired from the Post Office, for use as pilots 
-as well as for channels of communication. The scheme per- 
' mitted each of the protected sections to be tapped with loads up 
to 400 kVA, and a minimum time setting sufficient to ensure 
discrimination between the main protection and the various types 
of switches controlling the spur lines. The use of the pilots as 
telephone lines did not interfere in any way with the functioning 
of the protective system, as under fault conditions the telephone 
instruments were immediately disconnected. The picking-up of 
intermittent stray currents on the pilots would not cause in¬ 
advertent tripping of the switches, and the open-circuiting of ’ 
the pilots would merely tend to reproduce the old conditions 
under fuse protection where several switches might trip simul¬ 
taneously. It was thought unlikely that the pilots would be 
out of commission on more than one section at once, 

‘Subsequent to the adoption of the discriminating protection 
on the main distributors of the 11-kV network, the superimposing 
of a 33-kV transmission system became necessary/owing to the 
increasing load and the need for increased main step-up trans¬ 
former capacity. The 33-kV transmission was initiated by the 
raising of the working pressure of an existing overhead line which 
„ had been designed for 33-kV operation from its temporary work¬ 
ing pressure of 11 kV. It was not desired at that stage to incur 
the expense of installing 33-kV switchgear, and it was not pro- 
posedt to incur the additional expense for pilot wires between the 
power station and a switching station which was already served 
with Post Office channels of conununication. A scheme of pro¬ 
tection was therefore sought whidh would cater for all faults on 
tue step-up transformer, the 33-kV lines and the step-down trans- 
r r former, as well as the 6 *6-kY cables at the power station end, and 
'firosn' -the tnu^dEbrxhcar to the switchgear at the 


feeding point. The adoption of a fault-throwing scheme, 
together with Buchholz relays, earth-leakage relays a^d reyerse- 
power relays achieved the desired result. In particular, it en¬ 
sured that a fault on the 6*6-kV cables at the power station end 
would be entirely isolated and not be left connected to the 11-kV 
system through the 33-kV line and transformers, under which 
conditions an “arcing ground” might be set up, resulting in dan¬ 
gerous surges. " 

In view of the fact that the 11-kV network consisted largely of 
overhead lines, and since many of the faults occurring were of a 
transient nature, it was also decided to experiment with arc- 
suppression coils. To begin with, a small section of the network 
which was supplied by means of a step-up transformer from the 
end of the 6*6-kV network, and could, therefore, be readily iso¬ 
lated to form a separate system of its own, was provided with a 
small coil of 2-5 amp current-carrying capacity. This was later 
followed by the installation of a second coil on another section 
of the network, which was isolated by means of a 500-kVA 1/1 
transformer, and a third small coil was installed experimentally 
on a section of the network which was isolated by means of a 
300-kVA 1/1 transformer. The isolating transformers had been 
converted from their original function of 6-6/11-kV step-up 
transformers, and little expense was incurred in adapting them 
for their experimental purpose. The two additional coils were 
of 15 and 5 amp current-carrying capacity. 

The statistical results of the improvement in continuity of 
supply were not very convincing, yet they gave a feeling of in¬ 
creased confidence to t^e engineers who were responsible for 
maintaining the supply. It was therefore decided to extend the 
protection, and a large coil which catered for the whole of. the 
11-kV network was installed in 1938. The small 5- and 15-amp 
coils were subsequently removed, and the two isolating trans¬ 
formers disconnected, so saving the iron and copper losses which 
their use entailed. The application of the arc-suppression’coil 
to the whole 11-kV system involved, on the occurrence of a fault 
on one phase, the raising of the pressure of the two healthy phases 
to earth. In view of the extent of the network and the fact that 
much of the apparatus was not designed to operate under such 
conditions, it was decided that in the event of a persistent fault 
the coil should not be permitted to hold the potential of the faulty 
phase, down to earth for any length of time until the fault was 
cleared by hand. Arrangements were therefore made to connect 
an earthing resistance across the coil by means of an automatic 
switch when a fault persisted for more than 5 sec., so that the- 
faulty section would be isolated by the operation of the normal 
protective gear. y" V- . 

: * r 

(3.3) Types of Protective Apparatus Installed 
(3.3.1) Main Transmission Lines and Transformers. . 

The protective apparatus provided on the main 6 *6/11-kV 
tr ansf ormers consists of simple over-current anfi earth-leakage 
induction-type inverse and definite-minimuin time-lag relays in¬ 
stalled on the 6-6-kV side. Over-current protection is provided 
on all three phases, the earth-leakage relay being a separate unit, 
and intertripping connections to the 11-kV switches ensure the 
complete isolation of the transformers in the event of an internal 

/-f&ult. ’ ’• ■ V 1 * 

The 33-kV transmission lines and their associated transformers 
are treated as a single unit for the purpose of protection, by adopt¬ 
ing a fault-tiirowmg system whereby intertripping between the 
6* 6-kV qfcuit^breaker at the generating station and the 11-kV 
curbuit-breaker at the remote substation is effected by deliberately 
earth on one phase of the 33-kV system. > 

The arrangement is shown in Fig. 2, and it will oe noted that 
at the generating station end of the feeder inverse time-lag over* 

: earth-leakage relays are installed on 
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Fig. 2.—Schematic diagram of 33-kV feeder and transformer 
• # • # protection. 

the 6-6-kV side of the transformer. The operation of either of 
these relays, in addition to tripping the 6; 6-kV circuit-breaker, 
also releases a spring-operated air-breajc switch which earths one 
phase of the 33-kV winding of the transformer. Oh the 33-kV 
side of the transformer a current transformer mounted 6n the 
star-point connection which is earthed through 
a 50-ohm liquid resistance is connected directly 
to an earth-leakage relay which trips the 
circuit-breaker but does not operate the fault- 
throwing switch. A short time-delay is im¬ 
posed on this relay to avoid operation due to 
.transient faults. 

* At the substation end, directional over¬ 
current an£ restricted earth-leakage relays are a 

m instead, and between the star point on the I ’ ~ 

33-kV winding of the transformer and earth a 0 rk^ ■ 

single-phase voltage transformer is connected. j 
The secori&ary winding of this voltage trans¬ 
former is conaected to an earth-leakage relay. \ L iA 
A fault-throwing switch similar to the one at V ~ 
the generating station is operated by the direc- f 

tional and restricted earth-leakage relays only. - i 

Earth faults on the 33-kV line are cleared by 
operation of the earth-fault relays connected 
on the^3-kV side of the transformers, operating 
•cujjgg* ^eing provided respectively by the sec 

neutral-current transformer and by the raising 
of the potential of the star point of the trans- ^ f 

• former at the substation end. * 

. Phase faults on the 33-kV line and phase or earth faults on the 

# 6 -6-kV and 11-kV switchgear and connecting cables are dealt 

with by and earth-leakage relays, intertripping 

Jpefween the circmt-br^^ effected by the fault-throwing 

switches, thus ensuring the complete isolation of the fault In 


addition the transformers themselves are protected by Jheans of 
Buchholz relays provided with both gas and surge floats. Opera¬ 
tion of the gas float by gradual accumulations of gas causes visual 
alarm to be given by an indicator at the substation in the case of 
the substation transformers, and audible alarm at the power 
station in the case of the power-station transformer. The surge 
float, which would be operated by the sudden giving off of gas in 
the case of an internal fault on the transformer, causes the 
adjacent 6-6-kV or 11-kV oil circuit-breaker to trip instan¬ 
taneously, and at the same time operates the 33-kV fault-throwing 
switch, so bringing out the remote oil circuit-breaker and com¬ 
pletely isolating the particular feeder. 

This system has been found to give excellent results in practice, 

. and burning of the fault-throwing switch contacts has been found 
to be very slight. 

(3.3.2) 11-kV Main Distributors. 

The two 11-kV radial feeders are both tapped along their route 
and are, therefore, in reality 11-kV distributors. These two- 
feeders, together with 8 sections of the main ring, are now opera¬ 
ted as an interconnected circuit. Ten of the sections of the ring 
thus formed are equipped with “Interlock” protection, the re¬ 
maining sections being protected with inverse-time over-current* 
relays. Back-up protection is provided by over-current relays at 
a number of points on the ring. These have fairly long time- 
delays and serve merely to guard against failure of the interlock 
protection and faults outside the zone of the feeder protection. 

The remaining sections of the circumferential ring are kept: 
sectionalized and protected by inverse definite-minimum time-lag 
over-current relays. . 

The general arrangement of the protection on the 11-kV system 
is shown in Fig. 3. 

The principle of the interlock feeder protective system is based 
on a comparison of the direction of a fault current at either end 
of a feeder. If a fault current flows into one end of a protected 
section of a ring main and at the same time flows out of the 
section at the other end, then that section must be healthy and 
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Fig. 3.—Schematic diagram of 11-kV system protection. 


Interlock sections, .» 

Main lines protected by I.D.M.T. relays. 
Secondary lines protected by I.D.M.T. relays. 
Secondary lines protected by a.c. trip coils, 
I.D.M.T. relays. 


A Back-up relays. 

■ A.C. series trip coils. 

• A.C. shunt trip coils. 

Section switches (normally kept open). 


the protective relays must be prevented from operating and? 
visojating the circuit by means of a stabilizingimpulse pr signal 
transmitted along pilot lines to the opposite end. If, howew*. 
fault current flows in opposite directions at» the twd ends, th& 
feeder is faulty, and as no stabilizing signal is transmitted under". 
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these conditions the protective gear trips the oil circuit-breaker. 
The relays, comprising the equipment at each end of the protected 
section, include:— 

(a) A two-stage non-directional phase-fault relay. 

(b) A directional relay. 

(c) An earth-leakage relay! 

(d) An auxiliary operating relay. 

(e) An auxiliary stabilizing relay. 

(f) A lock-out relay. 

(g) A definite time-lag or hesitation relay. 

The occurrence of a fault operates the first stage of the 2-stage 
over-current or earth-leakage relay. This operation applies 
' potential to the directional relays, the contacts of which open 
when current flows into the feeder and close when it flows out. 
If the contact remains closed the stabilizing relay operates, the 
telephone is disconnected and the 30-volt insulated battery is 
connected across the pilots to send a stabilizing signal. If the 
contact of the directional relay opens, the operation of the second 
stage energizes the operating relay which, in turn, starts the 
time-hesitation relay, but in addition it connects the lock-out 
•relay across the pilots. If a stabilizing signal has been trans¬ 
mitted from the remote end, operation of the lock-out relay takes 
place, the time-hesitation relay circuit is de-energized, and the 
circuit-breaker remains closed. 

In the case of a fault on the protected feeder, current flows into 
the feeder from each end; this opens both of the directional 
relay contacts and allows complete operation of the over-current 
"or earth-leakage relays. No stabilizing signal is transmitted as 
neither stabilizing relay is energized, and after the interval pro¬ 
vided by the time-hesitation relay both circuit-breakers are 
tripped. 

When the fault is in a section other than the protected'section, 
the directional relay contacts will open at the end of the feeder 
— at which current flows into the feeder, and close at the opposite 
end. These operations result in the operating relay being ener¬ 
gized at one end and the stabilizing relay being energized at the 
other. A stabilizing signal is thus transmitted from the far encl 
of the feeder where the circuit-breakers will not trip because the 
operating relay has not been energized, is received by the lock-out 
relay at the near end, de-energizes the time-hesitation relay, and 
prevents the tripping of the circuit-breaker. 

In the equipment first installed, the time-hesitation relay was 
of the definite-time type, but in later installations this is omitted 
and the second-stage over-current or earth-leakage relay is of the 
induction-disc pattern, giving a delay having an inverse time 
characteristic with a definite minimum time-lag. 

Post Office pilot wires are used for conveying the stabilizing 
impulses from one end of a section to the other in the majority of 
sections, but in two sections, where the main line consists of 
underground cable, pilot cables have been laid by the Corpora- 
tion. 

The use of Post Office pilots necessitates special precautions to 
prevent dangerous or harmful potentials getting back to the Post 
Office system under fault conditions. T^ is accomplished by 
separating the operating coils of the relay from the contacts with 
^insulating barriers which must be capable of withstanding iS ,kV 
momentarily and 5 kV for 2 minutes. 

Where the pilots are owned by the Corporation the high degree 
of insulation is unnecessary, and the whole of the equipment-is 
considerably simplified in consequence. 

■ ihe equipmentalso includes fault indicators and a look-out 
relay-operation counter, indicating -the number odf strsdght- 
r through faults dealt with by the equipment. Fig. 4 shows the 
o connections fo*>the “Interlock” system of protection. 


(3.3.3) 11-kV Subsidiary Distributors and Spur Lines. 

Subsidiary distributors radiating from the section points on the 
ring main or from the terminal points of ther33-kV main trans¬ 
mission lines or e.h.v. feeders are protected by induction-type 
inverse definite-minimum time-lag relays. 

Spur lines are protected by oil circuit-breakers fitted with series 
coils or fuses of the carbon-tetrachloride type and sometimes are “‘^'j 
even connected direct to the e.h.v. distributor, depending on the 
location, length and importance of the particular line. Somo of i 
the oil circuit-breakers are of the automatic-reclose type, but the 
installation of this class of switch has been generally retarded by 
war-time economic considerations. 

On certain spur lines considerable lengths of overhead con- • j 
struction have been replaced by underground cablQ. These spur 
lines usually have small transformers varying from lOkVA to 
50 kVA connected to them, and it has been found that where such 
lines are protected by tetrachloride-type fuses the blowing of one •! 
fuse due to a single-phase fault results in an abnormally high 
voltage appearing across the secondary of the transformers, par¬ 
ticularly when they are lightly loaded. This abnormal voltage 
may be as much as 50 % in excess of normal, and is due to voltage 
resonance between the cable capacitance and the transformer in¬ 
ductance. This may be explained by considering the circuit to be 
reduced to an inductance and capacitance in series. If an alter¬ 
nating voltage is applied across this circuit and gradually raised 
in value, at a certain critical voltage dependent on the inductance 
and capacitance values of the circuit, resonance will suddenly 
take place, resulting in an abnormal increase in current and a 
corresponding abnormal increase in voltage across the induc¬ 
tance. It so happens that in certain of the spur lines mentioned, 
the values of the cable capacitance and-transformer inductance 
are suitable for resonance at about the phase-to-neutral voltage 
of the system. It has therefore been necessary to adopt a means 
of protecting these lines which will ensure that on the occurrence 
of a fault ajl three phases are interrupted simultaneously. This 
protection usually takes the form of a pole-mounted oil switch. 

(3.3.4) Distribution Transformers. 

The individual substations, mainly consisting of pole-mounted 
equipment, are protected by fuses, with a few exceptions where 
the transformer is connected direct to the line. This practice has 
only been adopted on short spur lines where a number of sub- 
stations are relatively closely grouped, the group being treated as 
a whole for the purpose of protection. On many of the older ^ 
substations the fuses are of the rewireable type, but all those*' 0 
erected during the last few years are of the tetrachloride type. It 
has been found necessary to pay special attention to the type of ^ 
fuse-holder employed, as experience has shown that with v the * 
superimposing of the 33-kV transmission system on the network,. 
and the consequent increase in available shortaircuiticV.A, cer¬ 
tain types of spring-clip holders, even if provided with safety ; 
catches, are not strong enough to retain the fuses against the. 
mechanical forces -set up by the short-circuit currents. In posi- i 
tions near to the 33-kY feeding points a type of holder employing ! 
roller contacts which firmly grip the ends of the fuses has been j 
found more satisfactory than the spring-clip type. j 

(3.3.5) Arc-Suppression Coils. n j 

Ail arc-suppression coil is designed to prevent a potf^arc" : 

following a transient fault by neutralizing the capacitance of the | 
network. The coil, which is connected between the neutral point 
of the system and earth, has an inductance such that on the occur- 3 
rence of an earth faultthe reactive current caused to flow through 1 

it by the potential of the neutral point which is raised to phase c j 
voltage is equal and opposite to the sum of the capacitance cur- ! i 
rents of the two sound phases. •. Tfceoreficai^ the- cun* ;• : j 

-rent in the fault and the voltage difference between the fault and ; 






• • C.X*S ftfeS 



NOTES:—I. Two-stage O.L. and E.L. relay. Contacts X and Y bridged at a low fault-current setting. Contacts X, Y and Z bridged at a higher fault-current setting. II. Earthed enclosure. HI. Physica 
separation of relay parts with insulating barrier between coils and contacts. IV. Physically separated stage. Insulated enclosure. V. The following parts to withstand the appropriate B.S test 
pressure to earth, namely 2 000 V for 1 min, transformer I.v. windings, relay coils and contacts, circuit-breaker auxiliary switches, wiring. Cases and metal parts to be earthed. Protected spark 
gaps to break down at 400/750 V. Wiring run as in standard practice. VI. Between coils and contacts 15 kV momentarily; 5 kV for 2 min. VII. Wiring to be of 2 200-V grade cable run od 
. insulated cleats. All parts, including wiring, to withstand P.O. test pressure to earth of 15 kV momentarily and 5 kV for 2 min. 
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earth wilt be reduced to zero, but in practice there will remain a 
small residual current in the arc, due to losses and leakages in the 
reactor and lines. If the fault is of a transient nature this will not 
be sufficient to maintain the arc. To clear a persistent fault, a 
normal earthing resistance may be switched in after a short time- 
delay. 

The coil is provided with tappings for tuning purposes, and the 
selection of the best tapping is carried out by measuring the cur¬ 
rent in the neutral under normal conditions. When the coil is 
most nearly in tune, i.e. nearest to a resonant state, out-of-balance 
on the network will appear to reach a maximum value. Thus the 
highest value of neutral current recorded indicates the best tap- 

Table 3 

Tests on Arc-Suppression Coil 


Test number 

U 

15 

17 

35 

36 

Type of fault : .. 

2-in gap over insu¬ 
lator bridged by 
10-amp fuse 

wire. Red phase 

U-iii gap over -in¬ 
sulator bridged 
by 10-amp fuse 
wire. Red phase 

1-J-in gap over in¬ 
sulator bridged 
by 10-amp fuse 
wire. Red phase 

Solid. Red phase 

Solid. Red phase 

Suppression coil tap¬ 
ping number 

5 

Optimum value 
(162 amp) 

7 

4 - 29*6% optimum 
value 

1 

— 35*2% optimum 
value 

5 

Optimum value 

7 

+ 29*6% optimum 
value 

Fault current 

190 amp (max. 
inst. value) 

Variable 

250 amp (max. 
inst. value) 

30 amp (steady 
value) 

50 amp (steady 
value) 

11-kV neutral voltage 

6*0 kV 

4*5 kV 

6*35 kV 

6*35 kV 

6; 35 lcV 

Clearing of faults 

Slight arc cleared 
quickly after 4 
cycles 

Small arc clearing 
after 1 cycle 

Small flash arc 
cleared after J 
cycle 

Fault cleared by 
hand after 57 
cycles 

Fault cleared by 
hand after 8$ 
cycles 

Effect on network ., 

Network oscillates 
. considerably be¬ 
fore settling to 
normal 

Slight oscillations 
on network. 

Normal after 7 
cycles 

Pronounced oscil¬ 
lations on net¬ 
work, lasting 
about 4 sec 

Fault kept sup¬ 
pressed 

Fault kept sup- 
suppressed 

Oscillogram Nos. 

— 

15c and 15t 

17c and 17t 

. — .. 

36eand36t 

(see Fig. 5) 
Operation .. 

Correct 

Correct 

Correct 

Normal 

Normal 



ping to use. Once the coil has been initially "tuned, it is only 
necessary to make an occasional test to ensure that a reasonable 
degree of tuning has been maintained, and unless the character¬ 
istics of the network have altered little further attention should 
be necessary. . . i 

The occurrence of a fault is indicated on, a recording instru¬ 
ment connected across a secondary winding on the arc-suppres- • . [ 
sion coil; and, if another recorder is connected across a current j 

transformer slipped over the earth-resistance connection, a com- j 

parison of the charts will indicate transient faults cleared by the ■, 

coil and those permanent faults which have to be cleared by the j 

operation of the normal protective gear. ! 
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A series of tests*was carried out on the coil installed to protect 
the whole #f the 11-kV network under review. These tests in¬ 
cluded observation# of the operation of the coil in clearing arcs 
struck across insulators, and measurements of the residual cur¬ 
rent in permanent faults. Samples of results are given in Table 3 
and reproductions. of oscillograms in Fig. 5. These tests show 
that satisfactory operation is obtained over a wide range of 
adjustment. 


(3.4) Operation and Maintenance Difficulties 

Protective gear, unlike most electrical gear, is inactive for the 
major portion of its life, but it must be in a condition to come 
into operation at the very instant required. It is therefore of the 
utmost importance that efficient maintenance be carried out to 
ensure that relays and operating coils are kept free from dust, 
rust or other corrosion which would result in moving parts 
becoming sticky or sluggish in action. Contacts must be kept 
clean, and steps must be taken to see that tripping batteries are 
always fully 3 charged. In addition to frequent cleaning on site, 
it is desirable to change the relays at intervals of about three 
years, so that they may have a complete overhaul and inspection 
in the test room. 

Routine tests may be carried out by secondary injection, but, 
wherever possible, primary injection, which brings the current 
transformers within the range of the test, should be carried out 
at intervals. 

This testing of protective gear should occupy the whole time 
of a competent engineer on supply networks of- any size, but 
ver.y % often the work has to be undertaken as a side-line by an 
engineer engaged on*other duties, with the result that it is often 
neglected. 

Maintenance of protective gear is even more difficult in rural 
areas than in urban areas, chiefly owing to the distances between 
substations and the time taken in travelling between them. It 
is therefore necessary to take exceptional precautions to see that 
proteptive apparatus is not affected by dampness, and it has been 
found helpful to provide slight local heat in the neighbourhood 
of relays and trip coils in substations and kiosks. This is usually 
done by short lengths of tubular heater installed in a convenient 
position below the apparatus. 

Time-lag fuses have been a> source of trouble, owing to the 
deterioration of the fuse wire Or corrosion of contacts. No 
attempt is made to secure discrimination by time-lag fuses as 
this has been found unreliable. This time-lag fuse is only 
uked to prevent operation due to momentary disturbance on the 
; system. \ ; . 

. The ^hanging of trip batteries for recharging has been made 
unnecessary by the installation in all rural substations of trickle 
chargers with metal rectifiers. This has eliminated a consider¬ 
able amount of labour and ensures that* the batteries are always 
in a fully-charged condition. Topping-up and general inspection 
is carried out when the protective gear is inspected. 

A difficulty in operation which has caused considerable trouble 
on the system described is the failure of pilots which are rented 
from the Post Office* This results in a failure of the protective 
gear to stabilize on through-fault currents, and causes healthy 
sections^f the network to be tripped out unnecessarily. A sys¬ 
tem ^idiomatically testing the pilots every half-hour has been 
used, and in the event of the alarm sounding it is necessary to 
travel round the main ring to determine which section is faulty. 
In spite of the excellent service normally given by the Post Office 
maintenance staffs, there have been periods when the pilots were 
out of commission for some time; Another factor is that very 
often the causeflof a fault on the power system also puts the pilot 
cjjcuits out of use, particularly on overhead circuits; underground 
circuits have been found exceedingly reliable. 


Observation of the operation of protective gear is ihost im¬ 
portant so that records can be kept and inadvertent operation 
investigated. The latter can only be carried out if the mains 
engineers take careful note of the indicators on the relays before 
resetting when they are actually dealing with a fault The general 
tendency seems to be that they are so anxious to get the supply 
restored that observations have frequently been neglected, and it 
has been necessary to insist that attention be paid to this matter 
even though it results in a small extension of the time of inter¬ 
ruption of supply. 


(3.5) Records of Faults 

Checking the operation of a protective system is closely con¬ 
nected with the recording of the actual faults which have occurred, 
and, in addition, remedial measures which experience dictates 
need to be applied to the system come under the general heading 
of protection. 

It is therefore proposed to describe the system which has been 
evolved to classify and obtain statistics relating to faults of 
different types. Faults are classified and numbered under the 
following headings:— 


A. Overhead line faults. 

(1) Special causes due to abnormal conditions, 

(2) Birds. 

(3) Trees. 

(4) Insulation failure. 

(5) Lightning. 

(6) Mechanical failure. 

(7) Unclassified. 


B. 


Cable faults. 

(1) Joints. 

(2) Pole boxes. 

(3) Mechanical damage. 

(4) Unclassified. 


C. Switchgear faults. 

(1) Electrical. 

(2) Mechanical. 


D . Transformer failures .. ' 

E. Faults due to unknown causes. 


F. Faults due to enemy action . 


G. Faults which do not come under any of the above headings . 


Many of the above classes can occur on either the e.h.v. or l.v. 
systerhs and indication is given, e.g. a fault caused by a bird on 
the e.h.v. system would be classified as E.H.V./A(2). 

The best indication of the extent of an interruption due to a 
fault is given by the number of consumer-hours lost, but to obtain 
this information a great deal of computation is involved, and it is 
found simpler to use the number of substation hours interruption 
as a figure is, in general, easily obtained from the 

records of switching times and forms a useful comparative basis. 

Table 4 gives for the past three years the figures for faults on 
the e,h;V, network described above. 

; The analysis is extended in a similar manner to cover the central 
and also faults onA further com¬ 
parison on a district basis is prepared each year on the lines shown 
in Table 5. This Table, which is used to assess the percentage of 
continuity of supply, includes l.v. faults as well as e.h.v ’ faults.. 

Table 6 gives the total summary of rural-area faiffts on the 
e.h.v. and l.v. systems, extending, over a number of years. • 

Examination of at fault analysis set .out cyn the lines suggested 
immcaiiutelyreveals the types of fault .which are causmg the 
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Table 4 

Annual Fault Analysis 


Classifica¬ 

tion 

(see page 17) 

1939 

1940 

1941 


No. of 
faults 

Substation- 

hour 

interruptions 

Substation- 
hours 
per fault 

No. of 
faults 

Substation- 

hour 

interruptions 

Substation- 
hours 
per fault 

No. of 
faults 

Substation-^ 

hour 

interruptions 

Substation- 
hours 
per fault 

A(l) 

A(2) 

A(3) 

A(4) 

A(5) 

13 

10 

6 

10 

122 

1 128*16 
97*1 

118*18 . 
468*87 
1*975*08 

86*8 

9*7 

19*7 

46*9 

16*2 

46 

9 

12 

17 

36 

8 

3 341*5 
129*0 
515*7 
353*5 
844*8 

70*6 

c 72*7 

14*3 

42*9 

20*8 

22*5 

8*8 

6 

10 

4 

9 

19 

5 

425*87 

123*02 

36*72 

284*82 

215*71 

200*0 

70*84 

12*3 

9*18 

31*65 

11*32 

40*0 

A(6) 

A(7) 

1 

32*8 

32*8 

3 

100*3 

33*4 

14 

500-86 

35*7 

B Q) 

B(2) 

B(3) 

3 

106*5 

35*5 

9 

7 

262-5 

289-0 

29*5 

41*3 

3 

11 

2 

42*4 

1 189*39 
32*5 . 

14*13 

108*13 

16*25 

B(4) 

2 

43*3 

21*7 

■ — 




' 


C(l) 

C(2) 

4 

59*11 

14*8 

10 

711*2 

71*1 

14 

598*0 ! 

42*7 




2 

77*7 

38*9 

— • 



D 

2 

14*66 

7*3 

1 

16*1 

16*1 

3 

12*23 

4-06 

E 

31 

265*98 

8*6 

45 . 

1416*0 

31*5 

25 

719*29 

28*8 

F 

_ 

* _ 

— 

1 

113*6 

113*6 

7 

490*47 

70*07 

G 

1 

12*5 

12*5 

5 

203*7 

40*7 

9 

92*18 

10*24 

Totals 

205 

4 322*24 

21*1 

211 

8 445*2 

40 

141 

4 963-46 

35*2 

. 


Table 5 

District Faults Summary—1941 


Table 6 

Annual Faults Summary 


District 

No. of faults 

No. of 
substations 
in district 

Substation . 
interruptions 

Average 
substation 
interruptions 
per fault 

Substation- 

hour 

interruptions 

Average 

substation- 

hour 

interruptions 
per fault 

Average 
duration of 
fault, hours 

Per cent 
continuity 
of supply 

Eastern .. 
Western 
Central .. 

113 

55 

15 

328 

326 

96 

1423 

1 167 

42 

12*60 

21*20 

2*80 

2 705-96 

2 268-31 
101-48 

24*22 
41*2 
* 6*76 

1-92 

1*94 

2*41 

99*90 

99*92 

99*98 

Totals .. 

183 

750 

2 632 

13-8 

5 075*75 

27*70 

2*0 

99*92 



1936 ;••• 

1937 

1938 

1939 

. 1940 

1941 

No. of faults .. 

Substation interruptions . > 
Substation-hour interruptions 
Per cent continuity of supply 

- v i36 ■ 

3 146 

2037 

99-96 

115 •• 

1 558 

2 661 

99*95 

•' . ■ 

180 

2 909*4 

2 310*5 
99*96 

214 ' 

3 458-5 
6153-7 
98-89 

242 

4735-9 
8.542-2 
' 99-85 

m 

183 

21532 

5 075*75 
99*92 

t : 


reatest interruption of supply. This may not always be the pne 
lat shows the greatest number of actual faults, but it takes into 
’Count also the time required for repair and complete restora- 
on of supply. The preventive action to be taken may be cpn- 
idered as apart of the protection of the systtem,and matters that 
ave and are receiving attention are indicated.; 

3.6) Preventive Measures— Applied and under Consideratioii—' 
: for Reducing the -Number :"S 


) Arc-Suppressum LOUS. - >; ■/. V 

i the early years-of rural supply it was found from the fault 
jrsiS that the greatest Outage due to any one cause'was that 


OGCablUIiCU vy Al^LULAUU^, M. -— —--r-rr 

sion coil, previously described, was introduced to protect the 
whole U-kV system. ""W jf : 

Table 7 shows the effect of the coil which was confined m 

1<>38. . " i 

From the statistics for the past three years it will be noted that, 
apart from the large increase in the first year of working, prob¬ 
ably due to weak spots being overstressed, faults due to lightning 
have been considerably reduced, but these still remain one oftbe 
greatest single* sources of trouble. The installation of the coil 
has, however, greatly reduced the amount of damage to appara- 
tus following flashovers due to lightning. Examination of the 1 
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Table 7 


' 

Year 

Number of 
lightning faults 

Substation- 

hour 

interruptions 

1935 

77 

1808 

1936 

58 

892-3 

1937 

60 

1328*96 

1938 

61 

359*80 

1939 i 

122 

1975*08 

1940 

36 

844-8 

1941 

19 

215-7 


individual report indicates that the main trouble now experienced 
is due to blown fuses, and it is possible that the large residual 
current in a iaul| which results from the use of a single coil only 
on so extensive a system may be a contributory factor in pro¬ 
ducing this effect. Further improvement might lx* obtained by 
splitting up the network into sections, each protected by a 
separate coil. 

It should be mentioned that the characteristics of the network 
have been changed very appreciably since the installation of the 
coil, owing to a considerable increase in the mileage of under¬ 
ground cable, and that the range of tappings on the coil is no 
longer sufficient for tuning purposes. The installation of further 
coils to remedy this condition is now being considered. 

(3.6.2) Earth Wires. 

Experience has proved the value of the screening effect of over¬ 
head earth wires placed above the conductors as protection 
against lightning. They are installed on all new main lines on the 
system, but are omitted on spur lines on the ground of economy. 

(3.6.3) Lightning Arresters. 

It is very difficult to assess the usefulness of lightning arresters, 
as observed results give only negative evidence. Horn gaps are 
no longer used owing to their doubtful value and the possibility 
of the steep-tailed wave which their operation leaves on the line 
causing trouble on transformer windings and terminal apparatus. 
It is, however, proposed to install at the earliest possible oppor¬ 
tunity Thy rite-type arrestersat positions where main lines are con¬ 
nected to underground cable sections, in order to protect the pole 
boxes, cables and terminal apparatus connected to the other end 
of the cables. 

(3.6.4) Insulation of System. 

Insulation failures have been chiefly due to damage by stone- 
throwing or gun-shot, brine deposit and ageing of strain insula¬ 
tors and 2-piece pin insulators. No ageing has been noticed in 
pin insulators made in a single piece. 

Sections on which frequent insulation failures have been noted 
are being dealt with by replacing those types of insulators subject 
to ageing, and by removing the earth connections from the steel 
cross-arms on wood-pole lines in cases where a higher insulation 
value of the system is considered desirable. 

<3.6.5} ■ 

The increase in the number of pole-box failures on the system 
Jhas become alarming, and an analysis of this item shows that the 
great majority are due to two types of boxes erected in the early 
days of rural supply. This was due partly to the design of the 
boxes and partly to the method of installation adopted at that 
firtie, jointing having been carried out at ground level and the box 


lifted into position afterwards. The resulting movement of the 
cable cores placed the solid compound under severe stress, 
causing cracking and eventually leading to failure. 

It has therefore been considered expedient to embark on a 
programme of replacement of these boxes before further failures 
occur. 

(3.6.6) Switchgear Failures. 

The majority of switchgear failures have been due either to 
open-type current transformers installed in kiosks or to '.he 
deterioration of air-break switchgear. The former have been 
replaced by compound-filled types, and a survey of the existing 
overhead-line switchgear has been prepared so that replacement 
of equipment in bad condition can be made as opportunity occurs, 

(3.6.7) Transformer Bushings. 

At one fime the bushing insulators fitted to pole-mounting 
transformers were a frequent cause of trouble. This matter was 
investigated in conjunction with the manufacturers, the design 
modified, and the insulator so arranged that any ilashtner would 
take place from the stem to the tank, insulators on all existing 
transformers were changed, and since this has been done there 
have been very few further failures. 

(3.6.8) Mechanical Failures. 

Mechanical failures have Ircen chiefly conductor failures due to 
electro-chemical corrosion in composite conductors, particularly 
steel-cored copper. Cadmium-copper or plain hard-drawn 
copper is being used for all new lines. 

(4) A STANDARD FORM FOR RECORDING FAULTS 

In order that useful analyses may Ire prepared it is essential that 
very full reports lx* made relating to every fault. To prevent.the 
omission of necessary information, a standard form is used. This 
consists of two parts, one giving preliminary details to lx* sent in 
within 24 hours of the occurrence, and* the other to lx* returned 
within 7 days, giving final details, The latter period is allowed 
to permit of line patrols and full investigation of the occurrence. 

The type of fault report is indicated in Fig. 6 , and it is suggested 
that this form, modified if necessary to make it universally appli¬ 
cable, together with the method of classification detailed in Sec¬ 
tion 3.5, might be adopted as standard by supply undertakings. 
The preparation of fault statistics would then be simplified and 
different undertakings would be able to compare the incidence of 
faults on their networks, . 

At the present time, undertakings can only compare one year's* 
operation with another and have no means of telling whether their 
standard is good or otherwise. 

The authors would even go so far as to suggest that the pro¬ 
vision of returns relating to e.h.v. faults should become obliga¬ 
tory in the same way that returns are required for specified occur¬ 
rences under the Factory Acts and the Commissioners' Regula¬ 
tions. These returns should be sent to some technical body who 
would carry out the work of correlation and make the informa¬ 
tion available to the supply industry in general. 

m , 
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IV. AUTOMATIC SELECTIVE ISOLATION OF SUSTAINED EARTH FAULTS ON A NETWORK 

9 PROTECTED BY PETERSEN COILS 

** 

(The paper was first received 20 th March , 1942, and in revised form 3rd March % 1943.) 


SUMMARY 

This paper explains what is believed to be a unique method evolved 
for protection of a grid network of 37*5-kV transmission lines against 
line-tp-earth faults, which enables automatic selection and isolation of 
a section subjected to a sustained fault to take place without utilizing 
earth-fault current for the operation of protective relays, $r pilot wires 
between sectionalizing stations remote from one another. 

The scheme provides for the installation of Petersen coils together * 
with special automatic selectors and associated equipment, and has 
been employed with considerable success since 1936 for protection of 
the Ganges Canal hydro-electric grid in the United Provinces, India. 


(1) GENERAL 

(1.1) Brief Description of the Undertaking 
The Ganges Canal grid has been developed from three small 
independent hydro-electric power supply schemes instituted by 
the United Provinces Government in 1928-29. 

The primary object is to supply power over a wide area in the 
Western Districts of the Provinces at an economic figure to 
enable the population in rural tracts to develop hitherto unculti¬ 
vated landfor agricultural purposes with the aid of water pumped 
electrically from the subsoil. The network of supply now extends 
over 13 000 square miles, and 4 300 miles of overhead line, which 
includes the 11 000-volt and 400-volt subsidiary rural , lines, is in 
commission. Some. 88 towns and villages within this area are also 
supplied with electricity for domesticand minor industrial purposes. 
“ Rotyer.is derived from a chain of 7- hydro-electric stations 
situated on falls along the Ganges Canal, which was constructed 
purely for irrigation purposes during the last century. During 
periods of maximum canal discharge a total of 18 000 kW may 
be generated, and in order to meet a peak of 25 000 kW which 
occurs during certain months of the year a peak-load and standby 
steam station of 9 000kW capacity has been constructed at a 
strategic point on the grid. 

(1.2) The 37-5-kV Grid 

^ The entire 37-5-kV grid network protected by the scheme con¬ 
sists of conductors supported on pin-type insulators fitted to 
channel-iron cross-arms. 


The original cross-arms were of the straight horizontal pattern; 
in recent years these have been modified to a “U” shape in an 
attempt to prevent interference from birds. Fig. 1 shows the 
original and modified designs of single-circuit and double-circuit 
structures. 

Fig. 2 shows the arrangement of the 37* 5-kV system, together 
with power stations and sectionalizing points, in operation at the 
time the automatic selective scheme was introduced. This dia¬ 
gram also indicates the stations at which Petersen coils, selectors 
and potential transformers have been installed. Power stations 
at Bahadrabad, Bhola, Palra and Sumera only were in commis¬ 
sion and the system was operated as a closed circuit. For the 
sake of clearness intermediate step-down substations connected 
to the lines between sectionalizing points have been omitted from 
this diagram. With the exception of the sectionalizing point at 
Hapur all breakers are fitted with electrically operated closing 
mechanisms of the motor-driven centrifugal pattern. 

The original form of protection employed was of the usual over¬ 
load and earth-leakage pattern operating in conjunction with 
definite-time relays. Reverse-power relays were installed at 
Roorkee on the two incoming circuits from Bahadrabad, on the 
double circuit at Bhagwara, and on the incoming line from 
Bhagwara at Moradabad, as no power was required to flow 
northwards from these points.. 

Shortly after the grid was commissioned in 1930 it became 
apparent that the number of outages being experienced due to line’ 
faults was very much higher than had been anticipated, and in 
fact as many as 60 interruptions a month were recorded on certain 
sections of the system. The majority of these were of short 
duration and it was usually possible to reclose a breaker imme¬ 
diately after it had tripped. Much time was devoted to a detailed 
investigation into the causes of outages, and results indicated that 
over 90% were due to temporary line-to-earth faults, the origin, 
of which was definitely traced to interference by large birds. Ex¬ 
periments with different types of bird guards designed by this 
Department were conducted, by means of which interference was 
reduced, but not to the desired extent. 

Apart from annoyance caused to consumers by these inter¬ 
ruptions, each fault was accompanied by a heavy “kick” on the 



m 


Fig. L—Types of double-circuit and single-circuit lines. 


A. Original type of double-rail structure. 

B. Double-rail structure with modified cross-arms. 

C. Single-circuit rail structure. 

D. Smgle-circuit pole structure. 

E. Singlecircuit structure with “U” cross-arm. 



power stations due to the operation of overload 
and earth-leakage protective gear being depen¬ 
dent upon fault current. Owing* to the high¬ 
speed regulation of the type of water-turbine 
sets employed and to the fact that high-speed 
excitation of the machine exciters had not then 
been introduced in the stations, faults some¬ 
times caused incorrect relay operation and the 
stations to fall out of synchronism. 

The experiments with bird guards having 
effected only a partial remedy, a Petersen coil 
capable of protecting 50-100 miles of single- 
circuit line was installed for experimental pur¬ 
poses in 1933 1 on the section of line between 
Sumera and Agra. 

\ |||i (1.3) Installation of lnitial Petersen Coil 

. The experimental coil, which has since been 
incorporated in the final scheme, is of the 
3-limbed pattern and ranged 9-9-18-2 amp 
■’ j ".In..-' 20 steps. A built-in current 
transfonner (ratio 20 : 5) 4s provided in»the 
primary winding for qperati»g a recording # 
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Eig. 2.—Diagram of grid lines and 
sectionalizing. points. 

Notes :— 

Figures following line mileages denote 
capacitance currents for single and 
double circuits respectively under fault 
conditions. 

The breakers at Hapur aye hand-operated 
and do not form part of the selection 
scheme. 

Generating units have been omitted. 

Total capacitance current of the system 
with all lines in service under earth- 
■ fault conditions «= 85 • 17 A. 

Earthing arrangement permits coil to be 
disconnected for tuning and transformer 
to be solidly earthed. Both coils may . 
be connected to one transformer at 
Bahadrabad and Bhola if desired. 

(S) denotes stations fitted with selectors. 


, Tunola, 


Kamoaou 










ammeter, and a low potential may be obtained 
from a winding tap when the coil is-, subjected 
to neutral-point voltage. 5rom curves snow¬ 
ing measured values of capacitance current to 
earth in amperes per kilometre of line for 
similar lines then in operation on the Continent, 
and from a mathematical theory developed by 
the manufacturers, it was expected that the 
capacitance current to be neutralized would 
be approximately 0*18 amp per mile. 

The coil was installed at Sumera power 
station and connected between the star point 
of the 1 500-kVA, 37-5-kV transformer wind¬ 
ing and earth. Whilst tuning the coil to 
various sections of the Sumera-Agra line, a 
careful watch was kept on the behaviour of the 
turbo-alternator sets before and during appli¬ 
cation of an artificial earth through a resist¬ 
ance. Readings of busbar voltage, load 
current, excitation voltage and current were 
compared and found not to vary, and no 
“kick” on the power station was experienced 
on application of the artificial fault. The 
earthing resistance was removed and earth 
faults were applied direct to the line through 
3-amp fuse-wire stretched across a 20-in gap, 
the circuit being complete with an isolating 
switch. The gap was gradually reduced and 
the minimum restriking distance found to be 
only 2 in. 

A method in general use for disconnecting 
a line under sustained earth fault is to shbrt- 
circuit the Petersen coil either directly to earth 
or through a resistance after a definite time- 
interval to permit earth-fault current to flow 
and operate protective relays. 

As the experiments showed that on the 
application of a fault to the line no “kick” 
was produced in the power station, it was 
considered more desirable to arrange for the 
isolation of sustained earth faults to be 
accomplished without earthing the system. A 
current relay (the only type available) was 
therefore connected in series with the recording^ 
ammeter and arranged to work in conjunction 
with a definite-time relay set at 7 sec, after 
which the controlling breaker would trip*. 

The coil was put^to service to protect the 
Sumera-Agra section on the 19th ^pril, 1933, 
with this arrangement of relays, the record 
from thiS date until the end of?June, 1933, is 
given in the Table. 

Table „ 


Month (1933) 

No. of trips 

No. of earth 
faults suppressed 

April’ . •;/ .. 

Nil 

:vV 14 V: 

May :■ . 

2V. 

40 

;■ Jiirie ■■■ >>T 


48 -■■■■ 


During the above period ammeter* 
recorded 102 fau% alT of which were suc^ 
cessfully suppressed by the coil, and no inter- 
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ruption of supply <pr system disturbance was experienced, except 
on three ogpasions when the fault was sustained for a period in 
exces? of the time-r^lay setting. One of these outages was traced 
to a broken insulator which allowed a conductor to rest on the 
cross-arm; another was caused by an unauthorized person climb¬ 
ing a structure and becoming electrocuted; and the third was due 
to an earth wire falling on one of the phases during a heavy storm. 
Operating results continued to be excellent, and the possibility of 
installing such coils for protection of the entire 37-5-kV system 
was considered. • 

(1.4) Application of Petersen Coils and Selective Equipment to 
the Grid Network 

The major problem to be solved in this connection was how to 
effect the isolation of faulty sections of line anywhere on the 
grid without interrupting the parallel operation of the power 
stations or using the earth-leakage relays to work in conjunction 
with short-circuited coils for this purpose. As already explained, 
line faults caused heavy “kicks” on the power stations and, whilst 
the coils would reduce the number of outages to a considerable 
extent, it was considered that a scheme whereby faulty sections 
could be selected and disconnected automatically without sub¬ 
jecting the power stations to “kicks” would be an ideal 
arrangement. 

Much time was devoted to the consideration of this problem 
by the late Mr. E. C. B. Walton and the author, who prepared 
several alternative proposals for consideration of various manu¬ 
facturers. The scheme ultimately evolved provided for the in¬ 
stallation of five additional coils which, with the one already in 
operation at Sumera; would protect the whole grid network and at 
the same time permit any section to be made dead without undue 
disturbance to the set tuning of the coils. 

The scheme also provided for the installation of special auto* 
matic selectors arranged for operation from the coils or from 
three single-phase potential transformers with secondaries con¬ 
nected in open delta, the function of the selectors being to control 
trip-and-close circuits of the oil circuit-breakers in a definite 
sequence. 

Five identical coils were constructed, each having a current 
range of 19-5 to 9 amp with tappings in 10 steps, a built-in, 
20/5 amp current transformer and a winding tap to provide a 
constant low potential under line-fault conditions for the opera¬ 
tion of relays. From experience with the current-operated relay 
*at Sumera it was considered essential to employ potential relays 
for control of the selectors in order to obtain reliable operation. 

■ For this reason, and as a precaution against possibie instability of 
the circuit, the 3-limb type of construction was adopted. 

Before deciding upon a definite sequence of isolation the ques¬ 
tion whether the immediate selection of a particular faulty section 
could be achieved was considered, and experiments with current 
transformers itfc the earth wires at Sumera were made in an en¬ 
deavour to obtain some reliable indication of the direction of a 
fault, but the results were not conclusive. 

It was therefore not considered practicable to evolve a scheme . 
for the introduction*of additional relays to indicate the direction * 
of fault, as it appeared extremely doubtful whether any successful 
operation of such relays could be obtained. 

* TJ^rffacitance currents of single-circuit and double-circuit 
sections indicated in Fig, 2 are based on 0* 17 amp per mile for 
single circuit and 0 • 24 amp for double circuit as a result of experi¬ 
ments performed with the coils. 

Two coils were installed at Bahadrabad, two at Bhola and one 
at Palra. Automatic selectors were located, one each, at Baha- 
•drabad, Rooikee, Bhola, Moradabad and Bhagwara. For the. 
operation of the selector^ at Roorkee, Bhagwara and Moradabad, 
all of which are step-down load points, three single-phase poten¬ 


tial transformers were connected to the busbars at each station 
with the secondaries arranged in open delta. 

The general principle of operation is as follows. Assume that 
a sustained earth fault occurs anywhere on the 37-5-kV system. 
At the instant of fault the capacitance current is neutralized by 
the reactive current, which is shared by the Petersen coils, and 
at the same time a potential difference is produced in the open- 
delta windings of the potential transformers. The coils and 
potential-transformer secondaries will remain energized until the 
fault is removed or isolated. 

If the system is divided into two parts by breaking the metallic 
connection of the lines without discon tinuing supply to either 
portion, .then the location of the fault in relation to the two parts 
may be immediately determined, since the neutral-point voltage 
on the healthy portion will collapse and current in the coils 
connected thereto will disappear. The potential-transformer 
secondaries connected to this portion will also become de¬ 
energized. 

When a line-to-earth fault occurs the impulse from the poten¬ 
tial taps on the coils and from the open-delta potential trans¬ 
formers is utilized for the operation of synchronous motor-driven 
automatic selectors whose function it is to close contacts in the 
trip-and-close circuits of the breakers at sectionalizing points. 

Each selector comprises a motor-driven drum fitted with 
fingers, arranged at intervals, which close and open a series of 
contacts in a set sequence. The complete timing adjustment of 
the selectors and associated relays is such that contacts for “trip” 
or “close’ ’ of breakers at each end of a section of line are made 
at the same time by two independent selectors, which enables 
simultaneous disconnection or re-connection at each end of the- 
section to be effected. 

The Roorkee-Saharanpur section is the last in the sequence of 
operation for the second half, and if a sustained earth fault occurs 
on this section the selectors will come into operation after an in¬ 
terval of 6 sec, which is the period allowed for temporary faults 
to clear. The sequence of operation, which is illustrated step by 
step in Fig. 3, is as follows:— ♦ 

Operation 1. Breakers No. 4 at Bhola and No. 1 at Moradabad 
open at the same time. This operation splits the system into 
two portions shown in Fig. 2 as the upper half and lower half 
respectively, and does not interfere with the parallel opera¬ 
tion of the power stations or the supply of power to the 
network. 

As the upper half is faulty the coil connected to transformer B 
at Bhola and those at Palra and Sumera become de-energized. A • 
relay operated by this coil at Bhola returns to normal and. thus 
opens the trip connection to No. 3 breaker at this station, which 
breaker would otherwise open when the selector finger closed con¬ 
tacts in this circuit No sectionalizing takes place on the lower 
half, and supply to Moradabad is continued without interruption. 
The following operations will now take place automatically at 
intervals of 1 sec (see Appendix). 

Operation 2. No. 4 at Bhagwara opens. (Moradabad-Bhag- 
wara section isolated.) 

Operation No* 4 at Bhagwara closes. (Supply restored to 

. Moradabad-Bhagwara section.) 

Operation 4. No.* 1 at Bhagwara and No. 3 at Roorkee open* 
simultaneously. (Ramganga No. 1 circuit isolated.) 
Operation 5;. No. i at Bhagwara and No. 3 at Roorkee close 
simultaneously. (Supply restored to Ramganga No. 1 

^circuit.)'/ .\i;% 

:Oi^ation^ No. 1 at Bhola and No. 5 at Roorkee open sinM- 
No. 1 circuitisolated.) . 

Operation 7,* No. 1 at Bhola and No. 5 at Roorkee close simul¬ 
taneously. (Supply restored to;BholaNo. l^ircuit.)^ • 





•24 


PROTECTIVE SYSTEMS 





U) Initial spilt operant m I. 

Operation JL 
< V) Operation 4, 

«4) Operation h . 
i$) Operation #. 

U*i Operation W. 
f7) Operation 12 
(K) Operation 14, 

Operation in I'awll iviated. 


Complete Sequence oe Isolation with Fault on Last Section to he Isolated on I itt h 


Hau 



Complete Sequence ok Isolation with Fault on Last Section to he Isolateo on Lower Hali 

(1) Initial *plit operation I. (2) Operation* 2 and J. (3) Operation 4. (4) Operation 5. (5) Operation 6. I .mit nutated. 


Fig. 3.—Sequence of selection of faulty sections. 


Operation 8. No. 2 at Bhagwara and No. 4 at Roorkce open 
simultaneously. (Ramganga No, 2 circuit isolated.) 

Operation ^. No. 2 at Bhagwara and No. 4 at Roorkce close 
simultaneously. (Supply restored to Ramganga No. 2 
circuit.) 

Operation 10. No. 2 at Bhola and No. 6 at Roorkce open simul¬ 
taneously. (Bhola No. 2 circuit isolated.) 

Operation 11. No. 2 at Bhola and No. 6 at Roorkee close simul¬ 
taneously. (Supply restored to Bhola No. 2 circuit.) 

Operation 12. No. 1 at Roorkce and No. 1 at Bahradrabad open 
simultaneously. (Roorkec-Bahradrabad No. 1 circuit iso¬ 
lated.) 

Operation 13. No. I at Roorkce and No. 1 at Bahadrabad close 
simultaneously. (Supply restored to Roorkee-Bahadra bad 
" Nod circuit) 

Operation 14. No. 2 at Roorkee and No. 2 at Bahadrabad open 
simultaneously. (Roorkee-Bahadrabad No. 2 circuit iso¬ 
lated.) > 

Operation 15. No. 2 at Roorkee and No'. 2 at Bahadrabad dose 
simultaneously. (Supply restored to Roorkee-Bahadrabad 
’V.:* No.2circuit.) 

Operation 16. Nc. 7 at Roorkee opens. (Roorkee-Saharanpur 

*' • linejlsolatrd andiault cl«fired.) 


The only breakers which now remain open are 
opened under Operation 1. These may be reclosed by th 
operators, and metallic connection of the grid lines testored. 

If the fault is on any other section of the upper half, imtttt 
diately that section is isolated by breakers opening at each en 
the neutral-point voltage collapses and the current in the coi 
disappears. The potential-transformer secondaries also becon) 
de-energized and the whole sequence stops automatically, lea v in 
the faulty section out of service. 

The complete sequence of operation for the upper half tak< 
place within 20 sec from the initial split at Bijplu and Moradabai 
and the faulty section is located and left isolated within th 
period. 

Furthermore, it will be observed that the power stations coi 
tinue in parallel operation throughout and that at no rhi w yl ot 
the reduction in capacitance current caused by an isolated sectio 
exceed more than 15% of the coil tuning, which is within tl 
tolerance under which the coils will continue to suppress the at 
successfully. ; 

If after the initial split at Bhola and Moradabad the fat) 
.appears on the lower half, coils connected to* transform®! 
feeding the upper half and secondaries of the potentii 
transformers connected thereto become de-cnergized; thus n 
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sequence of sectionalizing takes place on this portion of the 
system. # 

"Wie complete sequence for a fault on the lower half is as 
follows:— 

Operation 1. Breakers No. 4 at Bhola and No. 1 at Moradabad 
open at the same time. 

Operation 2. No. 1 at Moradabad recloses. (Restores metallic 
connection of lines at Moradabad.) 

Operation 3. No. 2 at Moradabad opens. (Moradabad sup¬ 
plied from upper half.) 

Operation 4. No. 1 at Sumera opens. (link between Palra- 
Sumera power stations broken.) 

Operation 5. No. 2 at Palra opens. (Palra-Sumera section 
isolated.) 

Operation 6. No. 1 at Palra and No. 3 at Bhola open. (Bhola- 
Moradabad-PaIra section isolated.) 

As the fault is on the lower half, neutral-point voltage will still 
exist at Moradabad after the initial split, therefore the selector will 
continue to operate and is arranged to reclose No. 1 breaker, after 


which it opens No. 2, leaving Moradabad connected to the uppe 
half. 

The time intervals for sectionalizing at Sumera and Palra ar 
controlled by definite-time relays, as the expense of selectors fo 
this purpose was not justified. As soon as the link betweei 
Sumera and Palra power stations is broken under Operation 4 i 
immediately becomes apparent whether the fault exists on th 
Sumera-Agra-Tundla section or the Palra-Bhola-Moradaba< 
section. 

Only when sectionalizing the lower half does it become neces 
sary to interrupt parallel operation between two power stations 

(1.5) Automatic Selectors and Relay Equipment 

The special type of selector employed comprises a drum fitte< 
with fingers made from insulating material which when the drum 
is rotated cause a series of normally open contacts to close for th< 
period during which the fingers are passing over them. The$< 
contacts are connected jn the trip-and-close operating circuits o 
the oil circuit-breakers, and the movement of tlie drum is so siov 
that the operating currents are broken by the auxiliary switche 



Fig. 4.—Diagram of selector equipment. 

Notts:— 

AH wl*y»shownin reset position. 

All breaker-operating circuits shown with breakers closed. 

4>ne recording ammeter and alarm bell for one coil only shown. , 

Immediately No. 4 breaker trips, A or B will become de-energized, depending 
on whether fauty is on upper or lower portion of the grid, and trip circuit to 
respective breakers will be closed. . ... 

O - Disconnecting switches making selector inoperative when required. 


in the breakers before the selector finger 
release pressure on the contacts. The con 
tacts therefore arc not required to break bu 
only to make circuits. 

The drum is driven through a worm an< 
spur-wheel from a small self-starting syn 
chronous motor so as to ensure the sam< 
speed of travel at each station. Between th 
driving and driven shafts there is a smal 
magnetic clutch which engages the two shaft 
when energized by the closing of a definite 
time relay. 

The drum moves against a spring which, a 
soon as the clutch is de-energized, restore 
the drum to normal position. Since th 
fingers will again pass over the trip-and-clos 
contacts as the drum returns to normal, pro 
vision is made through the medium of relay 
to make these operating circuits dead at th 
same time as the clutch is de-energized, s< 
that no operation of breakers will occur. 

Fig. 4 shows a diagram of an arrangemen 
suitable for use with two coils as at Bhola 
The circuit-breaker trip coils are arrange* 
to operate from 24 volts (d.c.) and the clos 
coils from 230 volts (a.c.). From the momen 
of sustained earth-fault the operation of relay 
and selector is as follows 

Immediately neutral-point voltage occur 
across the coils, relays A and B, which are o 
the instantaneous pattern and connected t* 
potential taps on the coil windings, close thei 
contacts. 

One set of contacts in these relays, >yhic3 
are arranged in parallel* completes the opera 
ting circuit of motor-starting relay Dvia th 
closed contacts of relay Relay P close 
a 3-phase supply to the synchronous motdS 
which immediately runs up to speed. 

Definite-time relay E is set in motion at th 
same time as P, as tihie operating coils of bof 
theserelays rareparallel. 

The second set of contacts in relays A an 
B make the positive connection from the«d.< 
supply for operating the breaker trip-coit 
but this eircuif remajns inlerrupjed^ by ol 
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set of contacts in relay F and by the selector contacts, which 
are both in series. 

After an interval, relay E closes its contacts and completes the 
d.c. circuit to the magnetic clutch and operating coil of relay F. 
The drum is set in motion and relay F further completes the posi¬ 
tive connection, the only break in the trip-coil circuit which now 
remains being across the contacts to be closed by the selector 
; fingers. Relay F also closes one break in the a.c. neutral con¬ 
nection to the breaker-closing coils, thus leaving this circuit to be 
completed by the selector fingers. 

As the drum moves, so breaker trip-and-close coils are ener¬ 
gized and movement continues until the breaker controlling the 
faulty section is opened. 

The neutral-point voltage then immediately disappears and 
relay A or B releases, depending upon which remains energized 
after No. 4 breaker has opened; thus the clutch and other relays 
become de-energized and the drum is returned to normal by the 
controlling spring. Closing of contacts by the selector lingers 
during backward travel of the drum does not “mako”trip-or-close 
circuits of the breakers, as the d.c. and a.c. supplies are inter¬ 
rupted by relays A or B and F. 

Should the fault not be cleared during the complete sequence 
of operation, as would be the case if a breaker failed to trip or 
reclose, or if the fault were located inside a substation structure, 
the drum would continue to move until the last two contacts were 
made. Closing of these contacts energizes the coil of relay C, 
whose double set of contacts are make-before-break;, thus the 
relay is held energized through its own contacts. Opening of the 
lower contacts of this relay breaks the circuit to relays D and E 
and thus opens the circuit controlling the dutch and relay F. 
Supply to the motor is interrupted and the drum returns to the 
normal position. Relays A or B and C remain energized until 
the fault has been located and the necessary switching operations 
have been performed. 

(1.6) General Information 

_ 'Tl*® number of operations the selectors are required to perform 
throughout the year is small, as the majority of temporary line- 
to-carth faults clear themselves within the time allowed. This 
. time may, of course, be increased to any desired figure. To 
achieve reliability of operation very accurate timing is necessary 
and periodic checks are exercised. A watch is also kept on the 

time-constants of the breaker-closing mechanisms. All selectors 

and relay equipment were set up together and the contacts wired 
to lamps representing trip-and-ciose circuits of all the breakers. 
Time relays and selector fingers, which arc adjustable, were care¬ 
fully set and timings checked with a time-interval meter, after 
which they were locked. Many hundreds of operations were 
performed with the indicating lamp-board before the equipments 
were sent to the respective stations and placed in actual service. 

Certain precautions have been taken to guard against inter¬ 
ruption of the parallel operation of the power stations or the 
closing of circuits not already in synchronism in the event of a 
failing to close owing to some fault in its mechanism. 
All breakers at the ends of parallel lines are interlocked. For 
instance, in the normal sequence, No. 1 at Roorkec is arranged 
to open and close before No. 2 at this station, and, to guard 
failure of No. 1 to close before No. 2 opens, the trip 
circuit of No. 2 is connected through an auxiliary switch on No. 1 

. 

. If No, I fails to close and the fault is on the Roorkee-Bahadra- 
bad No. 2 circuit it cannot be cleared by the selectors, which will 
» contmue to the endof the sequence and then lock out. The fact 
that the selectors remain locked out indicates that the faulty 
;,#• a breaker has foiled 

close or the %lt exi*ta in » substation structure. Such faults 



are usually located in a short time, and appropriate switching 
operations are performed to isolate them. 

Arrangements are also provided to make any breaker inopera¬ 
tive for overhaul, or, if a section ofline is out of service for main¬ 
tenance purposes, this is achieved by the insertion of a switch in 
the trip-and-close connections to the mechanisms. Recording 
ammeters operated from the built-in current transformers are 
provided at all points where coils are installed, to record the 
number of faults. The same purpose is achieved at stations.in 
which the selectors are operated from open-delta potential trans¬ 
formers, by the provision of recording voltmeters. 

it would have been possible to fit electrically-operated mecha¬ 
nisms to the breakers at Hapur and to provide a selector at this 
station instead of disconnecting the long Bhola- Moratiabad- 
Paira section at one time. This was riot done on the grounds of 
expense and the large extent of de-turning which would take 
place, as Hapur is only 37 miles from Bhola. 

Many additions have been made to the 37-5-kV lines, all of 
which are protected by Petersen coils. The total number of coils 
in operation to-day is 12. The “initial split" arrangement has 
been adopted wherever possible to localize the fault. No further 
selectors have been provided, and a sequence of operation for 
these extensions is obtained through definite-time relays. 

Operating experience has shown that the capacitance of the 
lines docs not remain constant throughout the year, and during 
the monsoon months of July-Septentber coii tunings are reduced 
by 10% to meet the lower capacitance current of the system during 
this period. 

The cost of the five special selectors mid associated relays, 
including installation, amounted to approximately £600. This 
figure does not include the Petersen coils, or the electrically- 
operated circuit-breakers which were already in service,* ' * 


(2) CONCLUSION 

The paper has shown that by introducing Petersen coils and 
automatic selector equipment to the system almost complete 
immunity from outages due to temporary line-to-earth faults 
has been achieved, and that in the case of a sustained line-to- 
earth fault the affected section can be selected and isolated auto¬ 
matically within a period of 30 sec from the instant of fault, with¬ 
out any “kick” being experienced at the power stations. 

No pilot wires are required between selector stations. The 
existing overload relays continue to protect the system against 
phasc-to-phase faults, and if desired the original form of earth- 
leakage protection may be restored to the system by the manipula¬ 
tion of earthing switches. 

Certain criticisms of the scheme are immediately apparent, ' 
$uch as (a) the possibility of line surges due to switching opera- 
tions performed on a system entirely protected by Petefsen coils, 
and (b) the fact that interruption in supply to substations con¬ 
nected to healthy lines between switching points must of necessity 
sometimes be experienced. 

To the former the author can only reply that if surges have 
occurred their effect has not been observed* the transformers, 
switchgear and line insulators have not been affected thereby. 
With regard to the latter, as the majority of faults recorded clear 
before any scctionalizing takes place and as sustained earfcwfouhs ' 
are infrequent, momentary interruptions to load points arelew. 

It will be appreciated that the probability of the selectors having 

to complete full sequence of operation in the event of a sustained 
earth fault is small, as there are I I sections on which the fault 
may have occurred and it is only in the event of the fouit being 
on the last sections in the series, or in a substation structure, that * 
the full sequence of operation takes p{pce. 

There isscope for further investigation and experimentin an** 


* 
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endeavour to determine a method whereby accurate indication (3) ACKNOWLEDGMENTS # 
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this An be achieve^ it is probable that additional relays could be for their close and valuable co-operation in the evolution of this 
employed to prevent operation of breakers other than those selective scheme, and to Mr. J. F. Shipley for presenting the paper 
actually controlling a faulty section. on his behalf. 

. (4) APPENDIX 


Chart of Time Settings of Selectors to Perform Sectionalizing Operations 




Roorkec 

Bwhadrabad 

Bhola 

Bhagwara 

Moradabad 

Operation 

Operation 











No. 

performed 

Bkr. No. 

Time 

(sec) 

Bkr. No. 

Time 

(sec) 

Bkr. No. 

Time 

(sec) 

Bkr. No. 

Time 

(sec) 

Bkr. No. 

Time 

(sec) 





J 

1 

^anlt on Upper Portioi 






1 

Trip 

Trip 

_ 

—. 

_ 

_, 

4 

7-77 

_ 

_ 

1 

7-77 

2 

.— 

— 

— 

_ 

_ 

_ 

4 

10-0 

— 

— ■ 

. 3 

Close 

— 

— 

— 


_ * 

_ 

4 

11*15 

— 

— „• 

4 

Trip 

3 

12-23 

— 

— 

— 

— 

1 

12-28 

— 

— 

5 

Close 

3 

13*48 

— 

— 


— 

1 

13-48 

— 

— 

6 

Trip 

5 

14*66 

—. 

— 

1 

- 14-66 

— 

— 

—- 

— 

7 

Close 

5 

15-71 

— 

— 

1 

15*76 

— 

— 

— 

— 

8 

Trip 

4 

17-22 

— 

— 

—„ 

— 

2 

17-20 

— 

— 

9 

Close 

4 

18-38 


—— 

_ 

— 

‘2 

18-40 

—_ 

— 

10 

Trip 

6 

19-62 

— 

— 

_ 2 

19-66 

— 

— 

— 

— 

11 

Close 

6 

20-72 

— 

— 

2 

20-76 

— 

— 

— 

— 

12 

Trip 

1 

21-90 

I 

21-90 

—— 

—- 

— 

— 

.— 

— 

13 

Close 

i 

22-90 

1 

22-90 

— 

— 

— 

— 

— 

— 

14 

Trip 

0 

24-16 

2 

24*20 

— 

— 

— 

—. 


— 

15 

Close 

2 

25-16 

2 

25-20 

— 

— 

— 

— 

. — 


16 

Trip 

7 

26-6 

— 

— 

— 

— 

— 

— •• 

— 

— 





Fault on Lower Portion 






1 

Trip 

__ 

_ 



4 

7-77 

— 

— 

1 

7*77 

2 

Close 

_ 

—- 

— 


_ 

— 

— 

— 

1 

8*87 

. 3 

Trip 


— 

— 

— 

— 

— 

—. 

— 

2 

10-10 

6 

j Trip 

. 

— 

— 

— 

-{ 

3 1 13-10 

No. 1 at Palra 13* 10 
i 

i } - 

— 


— 


Weft?.—-On the lower portion operations 4 and S are not performed by the selectors but by definite-time relays. This also 
applies to the opening of No. 1 breaker at Palra under operation 6. 


DISCUSSION BEFORE THE TRANSMISSION SECTION, 12TH MAY, 1943 


Mr. H. Leybum: These papers are symptomatic of the change 
which has taken place in recent years in the attitude of the general 
public to rural distribution. Formerly, an interruption of supply 
was not considered very serious. Nowadays, however, the con¬ 
tinuity of supply demanded from a rural system is nearly as great 
*<ns that demanded from an urban system, and yet the price must 
not be excessive. 

As regards the main network, there are two methods available 
* for improving continuity. One is the earthing of the neutral 
through an arc-suppression coil; the other is the use of automatic 
reclosing circuit-breakers. I think that on rural overhead lines 
up to and inclining 33 kV the arc-suppression coil will eventually 
be generally accepted. At higher voltages, however, it is 
probably that automatic reclosing circuit-breakers will be largely 
used, because the breakers used at these voltages are always auto¬ 
matically operated, Snd the addition of automatic reclosing equip¬ 
ment is therefore economical. 

; It 4, generally admitted that arc-suppression coils produce a 
-greayaifffovement in connection with transient earth-faults. The 
onlyoutstanding question is whether they should be used also to 
hold sustained earth-faults, or whether these should be cleared 
automatically. Although 1 am in favour of the second alterna- 
tive, I should like to stress the desirability of supply companies 
collecting all available information so as to enable the question 
•tp be settled«n the basis of concrete evidence, - 

■ m Until recently there has been only one method available for 
clearing sustained faults from a system earthed through an are- 


suppression coil, namely that described by Messrs. Steel and All- 
wood : if the fault persists for more than 5-10 sec the coil is short- 
circuited, either directly or through a resistor, and the fault is 
cleared by the automatic protective gear. Mr. Brown describes 
an alternative method in which the feeders are switched out one 
at a time until eventually the faulty one is reached, whereupon the 
apparatus involved resets itself to normal. Such a method is 
extremely ingenious and interesting, but although it is applicable 
to some simple networks I doubt whether it would be satisfactory 
for the more complicated networks common in this country. 

In lightning arresters consisting of a non-linear resistance in 
series with an arc-gap, the object of the resistance is to suppress 
the power current which flows when the lightning arrester re¬ 
sponds. This is necessary when the system is earthed through .a 
resistor or solidly, but when it is earthed through an aro-suppres- 
sion coil central arc-suppression is already available, and I con¬ 
sider that the non-linear resistance is then unnecessary. Arc- 
gaps, and particularly high-speed arc-gaps, will do qt least as well 
and possibly better, because they are simple, more economical, 
and better able to drain away lightning currents than* lightning 
arresters. - -./.-A'i -': ; '- 7 ' ■, : . 

The system of parallel feeders shown in Mr. Howarth’s paper 
is probably suitable where the loads are fairly heavy, but in rural 
districts the ring main isusuallymore economical. Apart from 
this, I have found—and I should like to have the author’s com¬ 
ment on this—that parallel-feeder protection is not now # as 
popular as it used to be. One of the main reasons is that, if one 
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feeder is disconnected owing to a fault, the protection on the other 
feeder is lost. 

I should like to emphasize the importance of statistics of the 
behaviour of all apparatus installed on supply systems and the 
desirability of making them available to all interested persons. 
One important point is the standardization of the basis upon 
which service reliability is assessed; in this connection I would 
point out that Mr. Howarth has used one method and Messrs. 
Steel and Allwood another. I agree with some of the authors that 
this and similar points should be submitted to a technical body 
which I suggest should consist of representatives of supply 
authorities, of manufacturers, of consulting engineers, and of the 
Electrical Research Association. 

Lieut.-€oL K. Edgcumbe: Mr. Howarth recommends that all 
current transformers should be tested by passing twice rated 
current through the primary with open secondary. The passing 
of rated current under these conditions has often been advocated; 
but this is the first time I have heard of twice rated current being 
suggested. When Mr. Howarth says that he measures the secon¬ 
dary voltage, he probably has the r.m.s. value in mind, but this 
bears no relation to the peak, which constitutes the real danger. 

I assume that his object is to give the secondary a “good doing,” 
but if so it is too haphazard a method. Surely the right pro-. 
cedure would be gradually to increase the primary current until 
the secondary showed whatever peak voltage had been decided 
upon. If, on the other hand, his idea is to find out whether, under 
-overload, a current transformer will start to saturate before it 
should, such a test will not give him .the required information. 

In the testing of current transformers I have always felt that 
'more use might be made of test windings. Some years ago I 
suggested that the secondaries of current transformers might be 
wound double and so connected that, by using one half as primary 
and the other half as secondary, a primary injection test could 
be easily made. But I gather that test windings are in disfavour, 
and I should like to know why. 

I notice in. Fig. 2 of the paper by Messrs. Steel and Allwood 
.that all the power transformers are star-to-star connected. Is 
not that rather unusual? It is very convenient in this case 
because there are a number of neutral points to which voltage 
transformers can be connected, but I had always understood that 
there were so many other disadvantages that the practice has not 
usually been followed. With the more usual delta-star con¬ 
nection and no accessible neutral point, it is quite satisfactory to 
make an artificial neutral point by means of three capacitors, 
starred together and connected through a- sensitive relay, which 
performs the same functions as the voltage transformer, con¬ 
nected between star point and earth as in the authors’ scheme. 
Actually, such a device is considerably cheaper than three voltage 
transformers, although slightly more expensive than one. It has 
the advantage, as compared with the latter, that there is no fear of 
mal-operation due to triple frequencies. 

Mr. J. A. Sumner: This symposium is particularly welcome 
since it gives valuable data showing how faults occur on rural 
supply systems. It also gives the layouts of various kinds of 
protective systems, so that we can easily compare them and have 
a record of such systems in the Journal I propose to confine 
my remarks largely to the paper by Messrs. Steel and Allwood. 
T should, . however, like to support Mr. Field’s view that it is 
possible to obtain reasonable continuity of supply to the rural 
consumer wthout the need for an elaborate protective system. 

^ The chief feature of these papers is that, probably for the first 
time. The Institution has presented comparable fatdt and opera- 
ffigdatn for and I think that the papers are 

y^uable in giving a lead \yhich may result in a much greater 
extension of the publication of such a correlation ofdata 
respect; of supply undertakings^ .: ' ; 


For some reason, engineers seem to be afraid to let anyone 
know that they have a fault on their system, whereas h seems to 
me that they should be only too anxious to send details of r those 
faults to some central body so as to permit of a scientific assess¬ 
ment of faults for the whole country, with subsequent publishing 
of valuable information on the matter. 

I admit at once the difficulty of choosing a unit for the measure¬ 
ment of what may be called the “fault efficiency of a system.” 
Three criteria are suggested in the papers: the criterion of sub¬ 
station-bout outages, Mr. Field’s criterion whereby the percen¬ 
tage of each class of fault is ascertained and compared with the 
percentage of the preceding year, and finally the mile-hour 
criterion which Mr. Howarth has adopted. 

As an example, one may note from the papers that the areas 
, covered by the three undertakings are in the ratio of 1 (Norwich 
area), 2 (Lancashire area) and 6 (Wessex area). Should one 
expect the Wessex area to have six times the number of faults that 
there are on the Norwich system; and, if not, what is the possible 
relation between size of area and the number of faults, either 
in total or of a given class? In other words, what is the “standard 
area”? This is one of the scientific facts which could probably 
be ascertained if some central body had sufficient data given to it 
and the scientific method of examination were used. 

In collaboration with manufacturers and supply undertakings, 

I think that both the parties could obtain valuable information 
which would save many thousands of pounds in designing 
apparatus and preventing faults. 

I can claim to have had some responsibility for introducing this 
rather novel symposium giving a comparison of data for three 
supply areas, and it is my earnest hope that The purpose will be 
achieved of obtaining, in the near future, an extension of this 
method of comparison of supply-area faults and operation, With 
a view to a proper and scientific investigation being carried out 
on a national scale for the benefit of all supply undertakings and« 
of the manufacturers of apparatus used on those undertakings. 

Mr. F. J. Lane: It is interesting to note in three of the papers 
three different methods of applying the Petersen coil. Mr. Field 
employs the coil without a short-circuiting switch, and is pre¬ 
pared to leave a fault circuit alive for an appreciable time; Messrs. 
Steel and Allwood short-circuit the coil through a resistor if the 
fault is maintained for 5 sec; and Mr. Brown ensures the ultimate 
isolation of the fault by an ingenious switching sequence. I am 
satisfied that rapid isolation of a faulted circuit is essential, and 
to this end I prefer the use of the time-delayed short-circuiting, 
switch across the Petersen coil. However small may be the* 
possibility of shock from a fallen line conductor, it is surely in the 
public interest to make the conductor dead immediately so .that it r 
can be removed safely and quickly. / 

From the economic aspect, protective gear is all too frequently 
regarded as “an unavoidably necessary adjunct to € the more 
directly useful part of the system”—a grudging acknowledgment 
of its necessity and very little appreciation of its usefulness. 
Expenditure on protective gear brings a direct return by* permit¬ 
ting a greater measure of interconnection $nd therefore more 
efficient utilization of the transmission system. Such expendi¬ 
ture may alsb represent an economic alternative to a more expen¬ 
sive, less vulnerable transmission system. Messrs. Steel and 
Allwood have very wisely planned their protective equipfe^t so r 
that it is readily adaptable to expanded system conditions. 

Mr. Howarth emphasizes the desirability of laboratory testing, 
but I consider that the correct procedure should be to make 
thorough tests at the works. This would ensure that, before the 
material leaves the works, the manufacturer is fully cognizant of 
the conditions likely to be experienced at site, ancPalso that the * 
purchaser obtains all relevant performance data. Supply xmder* 
takings should npt be expected to maintain laboratories equipped 
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to ascertain data* which the manufacturers, as the designers, 
should already have obtained. 

Mi 1 . Howarth assesses protective-gear efficiency on a mite- 
houis basis and Messrs. Steel and Allwocd on a substation-hours 
basis. Both methods show a pleasing performance, but both are 
moi e dependent on the system arrangement than on the behaviour 
ol the pselection, and the high figure may easily serve to mask 
unsatislaetoiy features of the performance. On the C.E.B. 
system the efficiency is determined as the number of faults cor¬ 
rectly cleared related to the total number of faults, and this has 
given for the areas figures (mainly between 85% and 95%) which 
roiled in a very practical manner the effects of improvements in 
maintenance and design. ! am sorry to note that the authors 
have included information regarding the various types of fault 
to the exclusion ol information dealing with protective-gear 
behaviour. The lault report form suggested by Messrs. Steel 
and Allwood should cater lor analysis of the correctness of pro¬ 
tective-gear behaviour in each case. 

IVIr. W. E. ML Ayres: It is only a few years since arc-suppression 
coils were first tried in this country, and the progress has been so 
great that three ol the papers in this symposium are to a con¬ 
siderable extent concerned with them. „ Where they have been 
tried they have usually been adopted. Ultimately, as Mr. Ley- 
burn has said, the majority of our system will be protected in this 
way. Whether these coils should be short-circuited or not de¬ 
pends on what one is aiming at in the system; and continuity of 
supply is the most important factor. 

Mr. f ield mentioned that it is important that the residual cur- 
repnhrough the fault when the circuit is in tunc should be kept 
to a minimum. I Iris current, he says, is chiefly due to leakage 
on the system, which is another argument in favour of good in¬ 
sulation and maintenance. But I think it is rather a misconcep¬ 
tion that this residual current is mainly due to leakage on the 
system or to losses in the arc-suppression coil. That portion 
seldom exceeds 4% to 4*5% of the current capacity of the coil 
—6% would be the maximum. The residual current is always 
much larger than that, and is a combination of three main factors. 
There is a certain amount of out-of-tune factor. Then there is 
the loss factor, which is rather small. Thirdly, there is the har¬ 
monic component due to the non-linear characteristics of the coil, 
and that is the overwhelming portion, as proved by oscillograph 
records. 

The system described by Mr. Brown has many limitations in 
^application, but it has the great advantage that it is not dependent 
So much on the performance of the instrument transformers. On 
some systems working in this country with several hundred miles 
# of overhead line and directional relays it is possible to ascertain 
the direction of the fault by telephoning to the different centres. 
But in the main these systems have been installed where there is 
a large capacitive current compared with the normal load current 
of the current transformers. On the other hand, if the residual 
current is very small compared with the rating of the current 
transformer, experience has shown that phase-angle shift in the 
spill current may cause wrong indication. Recent research, 
however, has made possible good working in this difficult cir¬ 
cumstance. 

Mr. J.JR. Cowie: The very great differences between the areas 
dcalypitfnn these papers have to some extent been the justifica¬ 
tion lor the methods adopted. Over large spaces in the Wessex 
area there was nothing approximating to a township and there 
were not many centres of industry to afford help. It was there¬ 
fore a difficult area from the point of view of the distribution of 
electric supply. It seemed to leave no opportunity whatever for 
%e bulk-supply consumer, who often had no time-interval left 
fgr his internal protection. # 

I am interested in the plea of Mr. Lane that the Petersen coil 


be given a chance to maintain the supply, but I fee! that a fault 
should be removed after a suitable time-delay, because it can be a 
danger in rural surroundings to both human and animal life. 

Messrs. Steel and Allwood took a long and comprehensive 
view, but found that they had under-estimated the requirements, 
because it will be seen that they had to reinforce their mains with 
new 33-kV lines. I think we should be well advised to-day to 
exercise more courageous foresight when planning our rural 
distribution systems. 

Mr. H. C. Waters: Our experience in East Anglia confirms Mr. 
Field’s statements. An improvement has occurred since light¬ 
ning arresters were installed, although the arresters themselves 
were not trouble-free. Since the design of these was modified 
they have proved reliable and effective. 

Regarding arc-suppression coils, no doubt it is as a result of 
information which I sent him that Mr. Field states that “No 
case of personal injury has been reported. ...” A fatality has 
since occurred. An aeroplane struck an 11-kV line, severing one 
conductor and the earth wire. A man going to help the airman 
became entangled with the broken conductor and received a mild 
shock, which was maintained sufficiently long to cause electrocu¬ 
tion. It was known to be a mild shock because people who re¬ 
moved him received slight shocks only. If earth-leakage pro¬ 
tection had been used it is doubtful whether the circuit-breaker 
would have operated, as the accident occurred some distance 
from the control point. 

Our experience of fuses on 33-kV systems has not been pleasant. 
On occasions when short-circuits have occurred the fuses have 
blown to pieces. We have therefore replaced them by circuit- 
breakers when other adjustments were being made to the system,* 
and consequently there are no 33-kV fuses in use in East Anglia 
to-day. 

It is sometimes suggested that the use of automatic reclose 
circuit-breakers provided with one reclose may be desirable. 
Under such circumstances when once the breaker had operated 
it would be necessary to send a man to reset it, whereas, if the 
fault is transient and the breaker rccloses, the supply is auto¬ 
matically maintained. Three or four reclosures have occurred’ 
without our knowledge until reported after routine patrol, during 
which the switch would be rewound. One reclose only would 
necessitate sending men out more frequently. 

Mr. Howarth confirms our experience that laboratory tests of 
relays and testing in situ is necessary. We have adopted standard 
test windings as suggested by Col. Edgcumbe; these have proved 
very satisfactory. 

Messrs. Steel and Allwood give us good fatherly advice on 
designing a protective system, but they describe a complicated 
arrangement less reliable than a simpler one would prove to be. 
They have had to introduce a testing system for checking Post 
Office lines to ensure satisfactory working. Fundamentally it 
is unsound to have part of one’s protective system under the 
control of an independent body. 

Petersen coils serve no useful purpose when the capacitance 
current to earth does not exceed 2‘5amp. The authors, after 
experiencing trouble, scrapped their two small coils and installed 
one coil for the whole system. This method is undesirable* as the 
coil will need to be re-tuned to give the best results when the 
system is sectionalized. We have successfully adopted the use of # 
coils in parallel so placed that we can split our systems, leaving, 
any section to operate with the correct measure of protection. 

An unusual arrangement for isolating the 33-kV feeders has 
been adopted when faults occur on the 11-kV system. I think 
this arrangement is complicated and that it will prove to be more 
so when additional 33-kV feeders become necessary. • # 

Dr. P. F. Stritzl: Several speakers have already referred to the 

great differences between the fourfdistrfcts witii which these* 

* . ■ * • * 
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papers sre concerned. These differences are strikingly illus- 
trated by a comparison of the units sold per mile of h.v. line or 
mately^ 1 ^ accorc ^ n g to published information, are approxi- 

aaa aaa Un * tS per m ! le ] n t ^ le Wessex area, 

, * 222 lin ! tS ^ er m ! le * n Lancashire area, 

and 150000 units per mile in the Norwich area. 

In each case the operating results may be regarded as highly 
satisfactory, and yet the means for reaching a common object 
have been surprisingly different. 

, Field stresses the desirability of reducing the number of 
circuit-breakers. In consequence it is unavoi dab le that con¬ 
sumers will be cut off when a line section is tripped. This fact 
is one of the principal reasons for the increasing popularity of 
Petersen coils. 

Referring to Table 7 in the paper by Messrs. Steel and Allwood, 
the authors rightly attribute the heavy rise in interruptions follow¬ 
ing upon the installation of the large coil, to the elimination of 
weak spots. Similar experience was obtained elsewhere, but in 
analysing all the data available I could not detect any substantial 
difference between systems operated in either way. Sooner or 
later the weak spots are brought out, if not as a consequence of 
sustained Petersen-coil operation then certainly by lightning and 
other surges. 

The question arising is really whether to spend extra money on 
additional equipment for covering up existing weaknesses, or on 
their elimination. If the former course is adopted, as it was at 
Norwich, the expense under the second heading is not avoided, 
and on balance it would appear that all the advantage is on the 
♦side of the operating method recommended by Mr. Field, deriving 
the full benefit from Petersen-coil operation. 

Thus, any special provision for the automatic isolation of a 
faulty section would appear to be redundant. Messrs. Steel and 
Allwood state the. reason for applying a short-circuiting device 
in Norwich. Having now eliminated the weaknesses in the 
system, do they regard this reason as holding good to-day? If 
they do, it would be of interest to know what evidence they have 
to show that the short-circuiting device has a beneficial effect on 
continuity. 

With regard to Mr. Brown’s paper, is not automatic tripping 
unnecessary in a system the insulation of which must be main¬ 
tained at a high level to withstand the heavy lightning surges 
bound to occur in that area? Perhaps the author could explain 
why it was considered undesirable to hold a sustained earth fault 
% means of the coil 

One result of the increased extension of a network is the more 
frequent occurrence of increased voltage stress on any one point. 
This has the effect possibly of advancing the date of a weak spot 
being revealed, and there may be cases of two feeders tripping 
where only one would be affected with the network split into 
sections each one protected by its own coil. The point is perhaps 
not an important one, but where it is possible to subdivide a large 
network this may prove an advantage. 

I am glad to see that on the Wessex system, and in some in¬ 
stances also at Norwich, no fuses are installed for the protection 
of ll*kV transformers. -'The fuse protects'only agamst short- 
circuits* whereas the chief trouble with distribution transformers 
r is overload; The means almost generally adopted to provide 
; against this contingency is the installatipn of oversize trans¬ 
formers. The supervision of .the temperature of pole-mounted 
transformers is another remedy. 

to bbtain direct of surge 

;v;'it would be hecessary for a considerable number of 
"to : V ^P art fr° m . a reduction 

of direct damage, arresters usually provide a substantial reduction 


On page 4 Mr. Field mentions arcing horfis fitted to trans¬ 
formers. Are these horns fitted to all distribution transformers? 

At what distance is the horn gap set, and have there been any 
instances of short-circuits due to simultaneous induced surges in 
all phases? 

Messrs. Steel and Allwood state that the length of sections was 
not sufficient to enable distance relays to be used. It is now 
possible to produce distance relays capable of dealing with very 
short sections, and I suggest there will be a great demand in 
future for a simplified type of distance relay obtainable at a cost 
that puts it within reach of the rural undertaking. 

In conclusion, I endorse the suggestion of Messrs. Steel and 
Allwood with regard to the setting-up of a technical committee, 
with the object of studying fault reports for the benefit of the 
industry as a whole. . 

Mr. M. Kaufmann: For me the chief interest of the papers lies 
in the way in which they reveal the methods by which four 
different authorities, working independently, have tackled and 
solved the same problem, namely that of maintaining a con¬ 
tinuous supply to the consumer. Since the authors all imply 
that their solutions are working well, it may be concluded that 
there is scope for individual initiative and ingenuity. That there 
is a measure of uniformity in the solutions is to be expected, since 
most rural distributions systems have much in common. 

Whilst initiative and ingenuity are to be encouraged, it should 
be possible to lay down at least the general lines of a solution for 
all cases. The respective papers accord different degrees of im¬ 
portance to the economics of maintaining a continuous supply, 
though all are agreed on its paramount necessity. That its 
achievement must involve expenditure in some form is accepted, 
and argument is centred only on the form. The papers by Mr. 
Field, Messrs. Steel and Allwood, and Mr. Brown, advancing the 
merits of the arc-suppression coil, represent it as the only prac¬ 
ticable form; Mr. Howarth’s paper, dealing with a somewhat 
different type of system, describes an instance of orthodox 
neutral-earthing with discriminative protection. Thus there is a 
“majority vote” in favour of the arc-suppressor. It is tempting 
to apply this particular result to the general case, and its premisses 
should therefore be examined. 

The case for the suppressor rests on (^economy, ( b ) difficulties 
of access to and maintenance of lines, (c) presence of tapped lines 
and (d) preponderance of transient faults. In (a) there are many 
hidden factors, such as the need for raising wholesale the insula¬ 
tion level of the system, and for a high standard of maintenance: 
(including that of the consumers’ equipment). Factor (b) is two- 
edged; also the very conditions that often deny access, such as 
snow and storm, axe those that render the suppressor ineffective, - 
and only access for repairs can restore supply. When lines are 
tapped the case is stronger, since economy of switchgear and lines 
is the overriding factor, and insistence on 100% continuity of 
supply is inevitably lessened. Condition (d) is essential: to make 
a system suitable to withstand sustained earth faults can prove 
very costly; phase faults in any event defeat the suppressor. . 

A very careful assessment of all these factors may, as in Mr. 
Howarth’s case, show that automatic faulf isolation with an alter- 
riativefeed isthebetteralternative. 

HSU: With reference to Mr. Field’s paper, I^rather 
surprised at the high percentage of bird faults. I belre^ this 
figure can be reduced to 5 %. The high percentage ascribed to 
unknown causes would also include a number of bird faults, 
bbc&use thie^ area My remarks 

are borne out by Table 4 in Messrs. Steel and Allwood’s paper. 
My impression is that arc-suppression coils ire being used to- 
overcome bird trouble, which I suggest could be better dealt With 
. by improved design. > **.•• ; r . 

J Kghtning, Mr. Field leaves out fuses on the 
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score of economy and then puts in lightning arresters, although 
he has an arc-suppression coil which should deal with a large 
number of his lightning faults. I do not understand the econo¬ 
mics of that step. Lightning faults occur in a very erratic 
manner. An area of 100 square miles may suffer considerably 
in one year and then be free from lightning trouble for 1CM5 
years. * 

No other speaker has mentioned the trouble due to parallels 
casing induced currents between overhead power lines and tele¬ 
phone circuits. The Petersen coil may overcome this if it can be 
left permanently in circuit, but I do not think this is possible, and 
I should like to know the author’s experience in this connection. 
My own opinion is that the automatic reclosing breaker, which 
we found perfectly satisfactory even on the 33-kV lines, is very 
suitable for rural distribution. I should like Messrs. Steel and 
Allwood to give some figures of costs in connection with interlock 
protection, because that seems an expensive system to adopt in a 
rural area. 

Mr. F. Bent (communicated): I strongly support Mr. Field in 
his contention that elaborate methods of protection are quite out 
of place on rural systems of transmission and distribution. The 
most ingenious and costly scheme of protection will not prevent 
interruptions and damage to lines caused by thunderstorms and 
high winds, especially in thickly wooded areas where much 
trouble is experienced due to falling trees and branches. Such 
elaborate protection would be of doubtful use in the practical 
operations involved during such occurrences. 

It is possible to obtain a reasonably high degree of security of 
supply by a well-designed flexible system; a simple and robust 
construction of overhead lines, and the moderate use of simple 
protective devices comprising overload and earth leakage relays 
at the main distribution substation centres, automatic reclosing 
breakers and a reliable type of h.v. fuse. Too much attention 
has been focussed on ultra-cheap construction of overhead lines 
and apparatus at the expense of reliability under stress condi¬ 
tions, resulting in high maintenance costs. Many breakdowns 
could be avoided by using a higher standard of line construction, 
incorporating a higher rating of pin-type and strain insulators in 
conjunction with V-type pole-top brackets. 

With reference to 11-kV fuse gear, Mr. Field does not appear 
to have used on his system a simple type of automatic drop-out 
link fuse which I have employed extensively in my area of supply, 
and which has been found to be extremely reliable in operation, 
% inexpensive in first cost, and to possess good discrimination 
^characteristics under overload and fault operation; a further 
advantage being that a blown fuse is easily detected and can be 
re-wired on site. Mr. Field’s objection to the individual protec- 

* tion of pole-type transformers on account of economy would be 
overcome by the use of this type of fuse, especially as the fuse link 
also serve* as a live-line isolator switch. 

The paper fey Messrs. Steel and Allwood gives much useful 
information* based on wide experience, which should prove 
valuable to all engineers concerned in rural supplies. The inter¬ 
locked protective system described by them is far too complex and 
elaborate compare?! with the results achieved. Although the 
system is operated by Post Office lines incorporating no less than 
seven jrelays at each end of a protected section, exceptional pre- 
to be taken involving constant maintenance to 
ensure that the apparatus will function. The authors’ sugges¬ 
tions regarding protective measures to assist in reducing faults are 
interesting, and I am in support ofthe recommendatmm 
only cadmium copper or hard-drawn copper conductors on ritt 
fines, except that on economic grounds galvanized-steel con- 

# dugtors should be employed for short spur lines supplying ^ 

^and>isolated premises. # • : :; : Uv 

In my opimon many h.v. # pole-box failures have been primarily 


due to expansion and contraction of compound due tq extreme 
temperature-changes, resulting in voids, ionization and conse¬ 
quent failure. I am now using a compound which remains semi¬ 
plastic at low temperature with encouraging results, the cable 
entry into the pole-box being first sealed internally by a layer of 
oil-resisting compound. 

I am opposed to the idea of compulsory returns of breakdown 
records in detail; most faults are due to well-known causes com¬ 
mon to all supply undertakings, and no useful purpose is served 
by imposing upon an efficient administration more “red tape” 
than is absolutely, necessary. 

Mr. A. C. Eden (communicated): The high percentage of tran¬ 
sient faults given by Mr. Field agrees closely with experience in 
Mid-Cheshire. For this reason it appeared to us that there was 
a real need for a reclosing switch-fuse, and in August, 1939, we 
began experimental operation with a device produced by one of 
our staff. This was a transfer switch which was used in con¬ 
junction with a well-known switch-fuse, in which the fuse tube 
is hinged at the lower end and drops down when the fuse element 
blows. The energy of the falling tube was used to operate the 
transfer switch, so connecting in circuit a similar switch-fuse and 
thus restoring supply. Four single-pole equipments, each pro¬ 
viding one reclosure only, were installed in August, 1939, and the 
results recorded during a period of 2 years are as follows: total 
operations, 20; automatic reclosures, 13 (65 %); persistent faults, 7 
(35%). The experimental transfer switches are now being re¬ 
placed by permanent equipment, which has been developed from 
the original design during the period since 1941, and is now mar¬ 
keted in this country. * 

In Table 1 of Mr. Field’s paper the percentages of bird faults 
and failures due to unknown causes both appear to be high. 

Bird troubles can be very largely eliminated, but this requires 
study of birds as well as of the overhead-line design. 

We have installed between 50 and 60 of the multi-gap resis¬ 
tance (negative temperature coefficient) type of lightning arrester 
on systems working at 33,6-6 and 3-3 kV, and it can be said that 
these have substantially reduced trouble due to lightning. 

I should like to mention that there are several well-known types" 
of oil-immersed switch-fuses, suitable for 11 kV, in which the 
fuses are withdrawn from the oil by the operation of the switch 
handle, and thus made easily and quickly accessible. 

Mr. G. V. Harrap (communicated): The suggestion made in 
Messrs. Steel and Allwood’s paper about the value of adopting 
a standard form of report sheet is a good one. The plea which 
has been made in this discussion for a continuous statistical sur¬ 
vey of faults to be undertaken by sortie central organization such 
as the E.R.A., is one which I would wholeheartedly support. 
Quantitative results of faults are valuable, but qualitative ones 
are better. I, like many others, have already found this neces¬ 
sary in assessing faults on a city network.* So far as comparative 
data were available, they were used to produce some measure of 
efficiency of operation, and I developed the expression “fault 
frequency factor” to cover faults per square mile per annum. 

Any examination of faults, with a view to remedying them, 
calls for a classification of the faults into types. In Section 3.6 
of their paper Messrs. Steel and Allwood comment upon the 
results obtained by. their own undertaking. It would be valuable 
• : iftj^ : CQuid;gh^similar to those for & 
city network, which Were given in my recent article, f 

Would it be possible for Messrs. Steel and Allwood to give an 
analysis of the operation of the interlock protection on their 
system? Theuse of Post Office lines to act as pilots means that 
byeirhead lines are used. Will these not fail at the same time as 
, the power overhead fines they are protecting? Snow and ice, 
wind and i&in, Bgfatning and aircraft all affect both sets of lines « 
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at the same time. Have the authors any information whereby 
they could give the number of occasions when the pilots have 
been available for a fault, i.e. clearance has taken place correctly, 
compared with the times that the pilots have tailed at the same 
time as the power lines? How does the cost of renting these 
Post Office lines compare with the provision of (a) an overhead 
pilot and (b) an underground pilot, by the undertaking when 
equated over the life of the apparatus? 

Mr, R. T, Lytiiall (commit nicot eel): In Section 3.5 of his paper, 
Mr. Field refers to the withdrawal type of h.v. fuse, to the 
difficulties of renewal or replacement, and to the impossibility of 
providing any indication of a fuse having operated. I agree that 
the latter is a disadvantage, but he must, I imagine, be aware of 
other types, equally satisfactory in performance, where the fuse 
, tube swings down like an isolator immediately the fuse element 
has melted. This gives an immediate indication of a blown fuse. 
Incidentally, a new development enables the swinging-down of 
the fuse to operate a repeater switch which gives the feature ol a 
single reciosure, a point favoured by the author in oilier parts ol 
his paper. 

Mr, R. II, Rowson* (communicated): In Mr. Field's paper 
separate current transformers are recommended for operating 
the wattmeter-type relays for indicating faulty sections under 
Peterscn-coii operation. Have ring-type current transformers 
been tried for this purpose, as suggested by Gross,* and, if so, 
with what success? In view of the difficulty of tracing faults on 
Pcterscn-coiFoperated systems—as exemplified by Mr. Brown’s 
paper—attention might be directed to the alternative solution 
described by Ducrotf who* also gives the genesis of the Petersen 
im/ttntfid hv Oaude in the 1 H90’s. 


coil invented by Claude in the lH90’s. 

I do not appreciate the advantage of omitting to fuse indi¬ 
vidual transformers. If sufficient care is taken it is possible to 
devise fuse combinations which will discriminate between h.v. 
and l.v, faults and at the same time operate more quickly than the 
feeder protection. As is mentioned in the paper, the very high 
speed of the carbon-tetrachloride fuse is a disadvantage in this 
connection, as with h.v. fuses of this type unduly high ratings 
have to be used. 

The author’s strictures on autoniatic-reelosing breakers are 
timely, and it is suggested that breakers of this type for use at the 
origin of spur lines should be available with a simple lorm ol 
earth-leakage protection, as most transitory faults are to earth. 
Efforts have been made to simplify the redosing mechanism, and 
in this connection I should like to know whether the author or 
his colleagues have any operating data of the capacitance- 
operated redosing arrangement used on one of the systems in 
Florida and described in the Electrical World some time before 

the war. , * 

Turning to Mr. Howarth’s paper, it is certainly desirable that 
the next edition of B.S. 81 should include protective current trans¬ 
formers. Much money has been wasted owing to the installa¬ 
tion of current transformers which are quite unable to operate the 
relays under earth-fault conditions. It is suggested that, given 
the data the purchaser should demand, the performance of the 
gear Is calculable and a primary injection test is hardly needed, 
i j Are the magnetic directional relays which are used on the 
Lancash ire Electric Power Co.’s system of the same type as those 
by FitzGerald?} Do any of the troubles one is told to 
expect actually arise from the use of star/star transformers, as 

shown in Fig, 3? " 

I shouldfike to ask Messrs. Steel and Allwood what is meant 
by “a.c. shunt tripcoils” in Fig. 3. Where series tripcoils are 

used, are theytun*^ ; . . 

undu! y optimistic picture 
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of the efficiency ol the protective system, fl^d thcie b^cn no' 
faults 100%, efficiency would have been shown yet the protective 
apparatus would not have operated once. The Petersen coi.* and 
the lighlninn arresters are the only "preventive uppaiatus de¬ 
scribed, and for these only the criterion proposed seems to be 

justified. „ , , , . , 

Mr. D. C. Field tin reply): U is generally agreed that continuity 

of supply in rural areas is becoming ot incie.ising i n i poi t,i nee, 
blit that when a system covers a wide ateu with a icl.ttivcly j*>w 
population density' elaborate protective systems ate economically 
impracticable, i or this reason the discussion has hugely dwelt 
on" the use of arc-suppression coils and automatic redosing 
devices, both of which arc recognized as providing a valuable 
contribution to the solution of the problem. 

With regard to arc-suppression coils there is, however, a dilicr- 
ence of opinion as to whether it is desirable to short-circuit the 
coil on a sustained limit and allow the selective piotcetion to 
operate or to leave the coil in circuit and maintain supply. The 
only argument advanced by the advocates ol the former practice 
is that it is desirable in the public interest, but it should be pointed 
out that, as instanced by Mr. Waters, it is probable that the con¬ 
ditions which might render the second alternative dangerous art* 
also those in which it is doubtful whether automatic protection 
would operate with certainty. A compromise which should 
reconcile both points of view is to earth the faulty phase at the 
supply point. 

1 should perhaps mention that by no means the whole ol the 
Wessex system is protected by arc-suppression coils; this explains 
certain seeming anomalies tt> which attention has been drawn, 
notably by Mr. Hill. As Mr. Leyburn suggests, lightning 
arresters embodying non-linear resistors are not really required 
on arc-suppression-coii systems, as the coil effects the necessary 

current suppression. , 

1 accept Mr. Ayres’s comments on the causes ol residual cur¬ 
rent, and no doubt a third-harmonic component does form an 
appreciable part of the whole. It is hoped to carry out investi¬ 
gations into the particular case referred to in the paper with this 

point in mind. . 

Mr, Rowson’s query regarding current transformers is prob¬ 
ably due to a deficiency in the wording or the paper. My mean¬ 
ing was that the protection transformers would probably be un¬ 
suitable, in which case special transformers would be necessary. 
Ring-type transformers have been used quite satisfactorily. 

Several contributors to the discussion refer to the drop-out; 
type of switch-fuse, with or without a repeating device. Whilst I 
am aware that this type of equipment is obtainable l have had 
no operating experience of it; but it would appear that it is not; 
adaptable for use with h.r,c. fuses and so is unsuitable for 
systems where heavy fault currents may be experienced. I am, 
however, interested in Mr. Eden's remarks on tiie subject. I 
cannot agree with Mr. Bent that this type of fuse is ?n economical, 
alternative to a simple form of isolator for controlling individual; 
transformers; even the latter might, in suitable cases, be omitted 

Mr, Rowson also questions the omission of fuse protection of 
transformers. In addition to the economic Aspect, already re¬ 
ferred to, there are operational advantages in favour of group 
protection which are mentioned in the paper. . 

I regret that I have no information regarding the cajj«. "mice-* 
operated reclosing arrangement used in California and rcfcircq 
to by Mr. Rowson. * , 

In reply to Dr. Stritzl, arcing horns are fitted on ai! 11-ky dip? 
tribution transformers; there are two gaps in series, each i ft m 
long. Cases have been known, from the evidence of burning on 
the arcing horns, of simultaneous flash-over on all *hree phases. 

Mr. Hill and Mr, Eden both refer to the number of inter: 
ruptions caused by birds. Thesc have shown a marked increast 
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recently and aro probably due to the greatly increased acreage of 
arable land. Many of the faults are of the phase-to-phase type, 
against which thf arc-suppression coil is no protection. As Mr. 
Hill Suggests, the cure is largely a matter of design, and the hori¬ 
zontal formation recommended in the paper should show better 
operating results. \ . 

I entirely endorse Mr. Bent’s plea for a simple and robust type 
of line construction; whilst I agree that the V-type bracket gives 
good service, the horizontal cross-arm, which has other advan¬ 
tages should, if soundly designed, prove equally reliable. 

More than one contributor discusses the correct basis for assess¬ 
ing the operating efficiency of a system. I regard electricity 
supply to domestic consumers as a service to the community and 
for this reason I have used the number of consumer-hours of 
non-availability as a measure of its inefficiency. 

Mr. Lane thinks I am unappreciative of the usefulness of pro¬ 
tective equipment; this is not so. The ingenuity of protection 
engineers has contributed "much towards greater reliability of 
supply on interconnected transmission systems. My paper, how¬ 
ever, concerns rural distribution systems, and it was my desire to 
put restrictive protection in proper perspective. So * long as 
mains and apparatus are liable to breakdown, so long will pro¬ 
tective gear be required; but it remains true that it is an adjunct 
rendered necessary by the unavoidable weaknesses of the directly 
useful part of the system. 

Mr. Lane’s remarks on a criterion of, efficiency deal with this 
question from the point of view of restrictive equipment only. 
This serves to illustrate that lack of a sense of proportion to which 
•I Referred in the paper, and to emphasize my contention that pro¬ 
tection bears a wider implication and embraces all means of im¬ 
proving continuity of supply to the consumer. 

•Mr. 0. Howarth (z>z reply): The loss of instantaneous discrimi¬ 
nating protection on the remaining feeder when one of a pair 
fitted with parallel-feeder protection is out of service may account 
for a reduction in the popularity of this type of protection, as 
suggested by Mr. Leyburn, but if there has been such a reduction 
I think it more likely to be due to the development of alternative 
protective schemes. 

Col. Edgcumbe seems alarmed at the idea of passing twice 
rated primary current through a current transformer with the 
secondary open-circuited. The test gives an indication of the 
maximum voltage available to operate a relay—not to a high 
degree of accuracy, but near enough to remove any doubt in most 
cases. It also indicates the degree of similarity of the individual 
transformers comprising a group. Granted the test is fairly 
severe on the inter-turn insulation, I doubt whether it is more 
severe than the stresses which may be imposed when a surge 
passes through a protective current transformer installed on a 
high-voltage transmission system. I ffiave had several experi¬ 
ences of protective current-transformer secondaries failing in 
service, but none of a failure due to the test we make. Those 
which failed in service had not been subjected to this test. Twice 
rated current is usually about equivalent to saturation point, thus 
giving maximum Secondary voltage. It is admittedly a rough- 
and-ready test, but it can readily be made on site. If test wind¬ 
ings are in disfavour I suggest that it is because they take up room 
and am therefore not in keeping with the urge to make current 
trflpaldrmers fit into the minimum space. 

Mr. Lane considers that protective-gear tests should be made 
at the manufacturer’s works rather than in the supply under¬ 
taker’s laboratory. This means that a fairly competent official 
Of the supply undertaking would have to visit the works, which 
is inconvenient fpr a normally staffed undertaking. My experi¬ 
ence is tha# alterations to systems resist in protective equipment 
going out of service, the yarious items being used in new group- -* 
ings of equipment. It is not practicable to send the equipment 
Vol. 91, Part II. 


to a manufacturer for test, and to send individual rdays for re¬ 
calibration after overhaul; this work is appropriately carried out 
in the supply undertaking’s own laboratory. Mr. Rowson thinks 
it desirable to include protective current transformers in B.S. 81: 
no doubt this will be borne in mind when the Specification is 
revised. The magnetic directional relays are of the same type as 
those described by FitzGerald. We have not experienced any 
troubles due to the use of star/delta transformers. 

Messrs. R. W. Steel and A. W. Allwood (in reply): It is impos¬ 
sible to deal adequately and individually with all the points 
raised in the discussion, or to give all the detailed statistical 
information asked for, owing to the limited space allotted for 
the published reply. 

The scheme of protection we have described was not planned 
until many years after a start had been made upon the con¬ 
struction of the network to which it has been applied, and it 
was largely a network in being which had to be dealt with. The 
main problem was to reduce the number and importance of the 
outages occurring on an extensive system on which a considerable 
amount of switchgear and apparatus had already been installed. 
This somewhat restricted the choice of methods, as it would 
have been uneconomic to make wholesale changes to the system. 

To erect or lay separate pilots would have been exceedingly 
expensive as the existing pole lines would have required recon¬ 
struction, but where new sections of main distributors were laid 
the undertaking provided its own pilots. Possibly in the future 
the development of new types of overhead pilot wires and the 
relaxation of overhead-line regulations may make it practicable 
to attach pilots to the existing overhead lines. When such an 
overhead pilot cable can be used the annual charges on it will 
probably amount to about 75% of the rent of the equivalent 
Post Office pilots. Underground pilots for the overhead-line 
sections are never likely to be economic. 

Several queries have been raised as to whether a fault should 
be permitted to remain on an arc-suppression-coil protected 
system until it has been located. When separate coils were 
first used on small sections of the network they were not shunted 
by earth resistors after a fault had persisted for a few seconds, 
but the practice was changed when a larger coil was applied to 
the whole 11-kV system. Which method is the better depends 
on how many hours in a given period the insulation of the 
system is likely to be over-stressed under fault conditions. If 
the total number of insulated points is large, and the result of 
their breakdown may be serious, then faults which do develop 
should not be held for long periods by the arc-suppression coil 
but should be cleared as soon^ as possible. The amount of 
residual current also has a bearing on the subject; this may be 
such as to cause considerable heating, with consequent fire risk 
in certain circumstances. A further factor is that when an arc- 
suppression coil is allowed to hold a persistent fault for an 
indefinite period on an interconnected system, a large number 
of wattmeter-type indicator relays are required to indicate which 
feeder is faulty, and in many cases pole-top inspection is neces¬ 
sary to locate the fault. This frequently results in a greater 
outage time than is occasioned when the fault is caused to 
develop by short-circuiting the arc-suppression coil and is 
isolated in the normal manner. 

The scheme developed by us is considered by some speakers 
in the discussion to be too complicated. This of course is only 
a question of degree; in comparison with the type of protection 
and control schemes which will be applied to distribution net¬ 
works after the war—with their supervisory control, remote 
operating and indicating systems—the present scheme will ' 
appear to be simplicity itself. No scheme cart claim tcv be 
perfect, and it is only by usings a particular scheme that its ** 
imperfections can be discovered .and remedied, so,enabling*a* 
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further advance to be made towards the ideal. The economics 
of the scheme has also been questioned; while the cost of the 
extra relays required may be from £ 150 to £200 a section, it should 
be related to the total costs of the network in order properly 
to assess it in terms of cost to consumers. When it is realized 
that nearly £1 million has been invested in the rural distribution 
scheme, the cost of protection on the transmissTon lines and 
main 11-kV distributors seems trilling. 

The reason for the star/star connection of the 33-kV trans¬ 
formers is that we considered that the vector relationship of the 
new system which was being created should be standard, or 
should be such that the system could be paralleled with those 
of neighbouring undertakings, inquiry from the Electricity 
Commissioners showed that no standard had been laid down 
for the vector relationship of 33-kV systems, and comparison 
with other undertakings revealed that the Il-kV system was 
30 ' out of phase with its neighbours. The opportunity was 
therefore taken to ensure standardization, and ail the under¬ 
taking's Il-kV step-up transformers were re-wound from 
delta/star to star/star with a tertiary winding, in order to permit 
both the I f-kV and the 33-kV systems to be brought into phase 
with those of neighbouring undertakings. 

Some speakers criticize the inclusion in the paper of matter 
dealing with types of faults experienced and the methods adopted 
for preventing faults. We consider these points to be as much 
part of the protection of the system as the automatic isolation 
of faults which have occurred. It was not intended to deal 
with the behaviour of the protective systems themselves, since 
a report on this aspect of the matter had already been published 
by the E.R.A.* 

The fault-throwing system for ensuring the complete isolation 
of the 33-kV transformer-feeder combinations has worked 
exceptionally well. The arrangement does not isolate the 33-kV 
feeder when faults occur on the Il-kV system, but only in the 
event of a fault on the 33-kV line itself, on the transformers 
or on the 11-kV cable connecting the transformers to the 
11-kV switchgear. All these come within the protected zone 
of the transformer-feeder combination. The arrangement is 
stable for through fault currents feeding into faults on the 
Il-kV system. 

We are pleased to note the general support for our suggestions 
regarding the proper recording of fault data, the correlation of 
the information thus obtained and its publication, together with 
fault statistics. This information should be made available to 
the manufacturers so that it may be applied not only with a 
view to improving protective gear, but also in order to eliminate 
defects in the design of distribution equipment generally. 

Mr, K. I. Brown (in reply): In reply to Dr. Stritzl, light¬ 
ning is not a serious problem in the area served by the Ganges 
Grid. Continuous earth wires are provided on all lines, in- 

* “Statistical Survey of the Performance of Automatic Protective Systems*' (ti.R.A. 
Report 1/194), Journal /.&£„ 1936, 79, p. 541. 


eluding the Il-kV and 400-volt distribution liner;, more for the 
protection of human life and to assist in obtaining reasonable 
fault current for the operation of protective ivlays, than as’ a 
measure of protection against lightning. Lightning arresters of 
the oxide-film and Thyrite distribution pattern were installed in 
the larger substations on the 37-5-kV system, and at the feeding 
ends of the Il-kV distributors during the early stages of con¬ 
struction; these are still in circuit. The installation of arresters 
on Il-kV rural lines constructed during recent wars has been 
almost entirely dispensed with. 

Certain operating difficulties have been experienced with 11-kV 
lines which pass over sandy tracts in many areas since the resis¬ 
tivity of the soil is high, especially during the hot and dry weather. 
One or two instances have been recorded of leakage cm rent 
through a broken conductor lying on the ground being insutlieicnt 
to blow a 10-amp 11-kV fuse, yet sufficient to cause vitrification 
of sandy soil which assumes the form of a crude glass barrel 
around that portion of the conductor on the ground. I he con¬ 
ductor thus becomes re-insulated and highly dangerous. 

With regard to insulation of the system protected by the coils, 
the majority of the line insulators are rated for full 44-k\ win k¬ 
ing, and the transformers are all provided with fully-insulated 
windings. It is considered undesirable to hold sustained earth 
faults bv means of the coils on this system, not only on account 
of possible danger to human and animal life (since the cause and 
physical effects of sustained earth faults cannot be immediately 
determined) but also because it is felt better to locate such faults 
and set matters right as soon as possible. 

Not all sustained faults arc visible from the ground, and, ,*n 
areas where mads and communications are poor and sometimes 
non-existent, it is expedient to isolate the line when such a fault 
occurs to enable the line stall* to locate its position hv scGionafE 
zing and testing. Furthermore a sustained earth fault cannot 
he held indefinitely without the risk of another phase being sub¬ 
jected to fault during the holding period. This would, of course, 
constitute a phase-to-phase fault and considerable disturbance 
to the system might ensue if the second fault happened to occur 
on a different section of line. 

Mr. Kaufmann mentions the need for raising wholesale 
the insulation level of a system if the application of suppressor 
coils is to meet with success. Whilst 1 am somew hat out of touch 
with home systems owing to my long absence from England, I 
believe that it is customary to select and install insulators and 
bushings designed for normal full-phase voltage working ami 
not line-to-earth potential, and also that it is usual for trans¬ 
formers to he manufactured with fully-insulated star windings up 
to 33 kV at least. It may be that most of the expense visu¬ 
alized by Mr. Kaufmann would relate to the replacement 
of underground cables already installed for earthed-neutral 
working. 

I thank Messrs. Ayres and Howson for their References to 
methods available for ascertaining the direction of fault. 
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SUMMARY 

Jho present position of existing types of high-voltage cables is 
hi icily reviewed and the reasons underlying the development of the 
gas-lilled cable are given. Alter a brief description of the cable, the 
design is dealt with in detail. 

The cable construction and manufacture are described and then the 
physical behaviour of the cable in service is considered. Details of 
the accessories associated with the cable system are given and the 
routine type and research testing ol both cable and accessories are 
discussed. 

Alter dealing with gas-pressure considerations of the cable system 
in set vice and installations carried out, a brief survey of the economic 
aspect of the cable is given. 

It is concluded that the cable system has certain special advantages 
and that since its technical and economic positions are sound it should, 
in the future, be a factor to be taken into consideration when schemes 
involving power transmission at voltages of 33 kV and upwards are 
envisaged, 

(I) INTRODUCTION 

* ()n insulated cables for underground use, the principal effect 
ol the increase fn the designed working voltages of systems has 
been to necessitate the use of higher electrical stress values to 
enable manufacturers to produce cables of practicable dimen¬ 
sions, The urge for economy in the existing lower voltage ranges 
has also tended to the use of higher electrical stresses in cables 
for these systems. 

It is generally accepted that- given proper materials and 
manufacturing technique the required stress conditions for 
cables for the highest working voltages can be permanently sup¬ 
ported in a commercial dielectric, such as impregnated paper, 
provided gaseous ionization can be eliminated under all working 
conditions of the cable; or, conversely, gaseous ionization is the 
only obstacle—from the electrical aspect—to the production of a 
non-deteriorating or ageless dielectric for high-voltage, highly- 
stressed cable. 

From the physical aspect it is a comparatively simple matter 
to provide, within a metal sheath sealed off substantially at 
atmospheric pressure, an impregnated-paper dielectric which is 
initially free from gaseous ionization up to high stresses, but from 
a knowledge of the coefficients of thermal expansion of the 
materials involved it can be shown that under the influence of 
temperature cycles gaseous spaces must exist within the confines 
of the sheath when the cable is cool. 

The minimum amount of these spaces is equal to the difference 
between the in^pregna ting-oil expansion and that of the lead 
sheath, and if these spaces form within the active dielectric the 
physical condition for gaseous ionization at relatively low stresses 
wiMcxjst. 

^Trornore perfect the initial impregnation of the dielectric, and 
hence its freedom from ionizable gaseous spaces initially, the 
lower will be the gaseous pressure within the spaces that are 
formed as a result of a temperature cycle and hence the more 
susceptible they will be to ionization. 

It will be seen that the problem of eliminating the sole de¬ 
teriorating influence in high-voltage, highly-stressed cables is 
fundamentally a physical one, and—disregarding the com- 

* Transmission Section paper. t W. T. Glover and Co., Ltd. 
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promises involving restriction of the working temperature range, 
and limitation of the dielectric stress value—the efforts which 
have been made to solve it have been on a physical basis, and 
aimed at the compensation or accommodation of the effects 
produced in working, so as to avoid the formation of gaseous 
spaces or to control them with the object of suppressing 
ionization under working conditions. 

For example, in the solid type of cable metallic screenings can 
be applied over the dielectric, reservoirs consisting of oil- 
saturated, low-density paper can be provided outside these 
screenings, and the conductors and hence the insulated and 
screened cores can be made oval in shape so that any void or 
space, forming due to sheath distension, will tend to be located 
outside the active dielectric. It should be noted, however, that if 
the cables are laid on gradients, longitudinal migration of the 
oil over the whole cable cross-section will occur, resulting in the 
extension of the low-pressure voids or gas spaces to the active 
dielectric of the cable at the upper portions of the gradients. It 
is possible to limit the amount of ionization which can occur in 
the solid-type cable dielectric, by the use of thin papers; but 
within the practical limits of the thinnest paper which can be 
used in conjunction with a viscous solid-type cable oil without 
creasing and wrinkling of the paper, it is impossible to limit 
the ionization sufficiently to allow of the employment of values 
of electric stress desirable from the point of view of economy. 

The foregoing represents the practical position to-day of the 
so-called solid-type high-voltage cable, and the wide recognition 
of its limitations has led to the development of a number of 
types of cable for very high voltages, capable of operating at 
high stresses and loadings, such as the oil-filled cable, the funda¬ 
mental principle of which is the maintenance of oil under 
pressure in the cable; the compression cable in which the sup¬ 
pression of low-pressure gaseous spaces is achieved by the ex¬ 
ternal application of gas pressure to the cable sheath; and the 
Oilostatic cable in which the. same object is attained by using 
oil instead of gas as the pressure medium. 

A brief survey of these types will show that they deal with 
the effects of, rather than the fundamental physical cause which 
leads to, ionization in the solid-type cable, and that certain 
degrees of elaboration and practical disadvantage are entailed 
in some directions. 

For example, in the oil-filled system it is necessary to have oil 
reservoirs situated along the cable route; in the case of the com¬ 
pression cable, reservoirs have to be installed to deal with the 
compound expansion occurring within sealing ends and terminals; 
while in the case of the Oilostatic cable, oil-pressure reservoirs 
have to be provided at the terminaticais of the cable. 

To obviate these disadvantages, a type of cable is clearly de¬ 
sirable in which the compensating arrangements are self-contained 
within the confines of the lead sheath, i.e. in which expansion 
due to temperature-rise is accommodated at constant volume, 
thereby avoiding the necessity for extraneous apparatus as Well 
as any consideration of gradient, and at the same time suppressing * 
ionization to a predesigned extent. • 

Such prevention of solid dilatation, % and the above-mentioned?* 
accommodation at constant vplume, can ob^ouslx be attained 

J 


36 


BEAVER AND DAVEY: THE HIGH-PRESSURE GAS-FILLED CABLE 


only by substituting gas for the free oil or compound in the solid 
or oil-tilled types of cable, while the suppression of ionization 
depends on the designed conditions of the gas spaces. 

As a matter of historical interest, the use of high-pressure gas 
to suppress ionization in cable dielectrics was first suggested by 
Fisher and Atkinson in the U.S.A. (U.S. Patent 1524124, granted 
1925). 

It would appear desirable at this juncture to define the ''Gas- 
filled cable” which is the subject of this paper. 

(1.1) Definition 

The term "Gas-filled cable” implies a cable in which the 
dielectric is comprised of pre-impregnated paper, carrying no 
free compound, and in which all spaces in the dielectric (and 
within the coniines of the lead sheath) are filled with gas under 
pressure. 

The gas is a component part of the composite dielectric, and 
its density and the dimensions of the spaces it occupies in the 
dielectric are complementary factors in the design thereof. 

This definition distinguishes the "Gas-tilled cable’* from those 
forms of cable in which gas under pressure is employed 
to suppress solid-type insulation through the medium of 
sheaths or membranes acting as diaphragms, and from other 
forms in which gas under pressure may be embodied or 
employed. 


(2) DESCRIPTION OF THE GAS-FILLED" CABLE 

The high-pressure gas-tilled cable, which is illustrated in 
Figs. 1 and 2, consists of a stranded conductor screened with 
metallized papers and insulated with pro-impregnated paper 
strips, applied to the conductor in air, and having an overall 
metallic screening. The cable is provided with a pressure- 
retaining sheath, and this is reinforced mechanically with metallic 
tapes. A second sheath or further servings are applied ov er the 
reinforcing tapes for the purposes of chemical protection. 

After the etfble has been completely installed, the interior of 
the pressure-retaining sheath is charged with dry gas up to a pre¬ 
designed pressure, and the cable is then sealed off without any 
auxiliary apparatus such as feed tanks, reservoirs, etc. (British 
Patent No. 393694). 

The gas spaces within the dielectric are prov ided by the gaps 
between the edges of adjacent convolutions of the spirally lapped 
paper strips, and also to a lesser extent between the faces of 
radially adjacent strips, as shown diagrammatiealfy in Fig. 2. 

In the ease of multicore cables, the screened cores are laid up 
and padded to a circular shape by means of drained-type worm¬ 
ing*. 

(3.1 DESIGN 

(3.1) Performance Basis 

(3.1.1) Electrical. 

The basis of the design is such that no ionization shall occur. 

up to 100 C conductor temperature, at a 
voltage lower than at least twice the vie 
signed operating voltage. 

(3.1.2) Physical 

The basis of the design on the physical 
side is that the ratio of gas space do 
impregnating oil space within the seated-off 
sheath has a value such that the gas density 
at the conductor surface is approximately 
constant over the whole range of service 
temperature. 

This basis ensures that the pressure 
variation occurring between the maximum 
and minimum service temperature con¬ 
ditions imposes a minimum duty on the 
reinforced sheath. 



Fig, L-Single-core gas-filled cable. 


(d) Protective cuverin^, (e) Copper woven fabric tape, Hi Metallized paper. 

ih) 2nd lead shea ill. (/) 1st lead sheath; (k) Copper conductor, 

tr) Copper woven fabric tape. Or) Copper tape. 

id) Brass tapes. ih) Dielectric, 





* Fig. 2.-~Longjtudinal section of gas-filled cable. 


Another point is that the cable shall be 
capable of being run vertically for any 
height or depth without drainage of the 
impregnating compound. 

(3.1.3) Mechanical. 

From this aspect the design ensures that 
no cold working of the pressure-retaining 
sheath can occur under service conditions. 

(3.2) Fundamental Principles 
The suppression of ionization within the 
gas-filled spaces of the cable dielectric is. 
based upon two controlling factors, namely 
the gas-pressure value and the space thick 
ness. These factors will now be discussed* 

(3.2.1) Gas-Pressure Control of 
One of the fundamental principles upon 
which the construction of the gas-filled 
cable is based is that the ionization stress 
of a gas space existing in insulating material 
is dependent on the density of the gas 
within the space. For a .-give*, gas at a 
specified temperatyre the ionization is thus 
dependent upon the pressure. The rcla- 
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Gas pressure, in ltx/sq.in. absolute 

Fig. 3.—Ionization-stress/gas-pressure curve for gas-filled 
cable dielectric. Tests taken on 0-25-sq in single- 
core cable with 0*15in dielectric of 2-5-mil papers 
charged with nitrogen. All tests at 15° C. 



Fig. 4.—Ionization-stress/gas-space-thickness curves for gas- 
filled cable dielectric. Tests in nitrogen at 15° C. Spaces 
approximately 0 • 125 in wide. 


A '\ 

tion between the ionization stress of the dielectric and the gas- 
pressure is illustrated in Fig. 3 for the conditions stated thereon. 

(3^2<# , Tjas-Space Thickness Control of Ionization. 

The ionization stress of a gas space existing in the insulating 
material also varies inversely as a function of the space dimension 
parallel to the electric field, and Fig. 4 shows this relationship 
for two values of nitrogen pressure, namely atmospheric pressure 
and 200 lb/sq in by gauge. It is clearly desirable that the stress 
in a gas-fitted cable dielectric, as well as in any .other where gas 
spaces may exist, shall be radial to ensure that the ionization 
stress is as high as possible, other conditions being fixed. It 


should be noted that, if the width of the gas space is comparable 
with its thickness in the direction of the electric field, the imposed 
stress within the gas space is lower than for higher ratios, 1 and 
hence the stress in the dielectric necessary to produce ionization 
within the space is higher. Generally, however, in cable dielectrics 
it is necessary for mechanical reasons to have gas spaces between 
the edges of the paper strips with width/thickness ratios well 
beyond the value necessary to influence the stressing in the gas 
space. 

(3.3) Discussion of the Factors Involved in Design 
(3.3.1) Gas-Pressure Value and Electric Stressing. 

It is well known that, considering a circular-conductor cable, 
the radius R of the outer boundary of the dielectric is related to 
the maximum electric stressing S c at the conductor surface by 
the equation:— 

E_ % 

R = re s o r ..( 1 ) 

where /• = conductor radius. 

E = voltage between conductor and screen. 

It is clear, considering the size of the cable only, that for 
economy S c should have as high a value as is safely permissible 
and that this factor has a correspondingly greater influence for 
higher voltages. 

In the case of gas-filled dielectrics the permissible value of S c 
depends, with other conditions fixed, directly upon the gas 
pressure. 

The amount of reinforcement to be used on the cable depends 
upon the gas pressure and also on the diameter of the cable 
and hence, for very high voltages, the choice of gas pressure 
reduces itself to an economic problem of the net effect on the 
cable cost of variation of dielectric thickness versus the variation 
of reinforcement in relation to gas pressure. 

With regard to lower-voltage ranges another factor enters into 
the considerations, namely the electric stress S s at the screen over 
the dielectric. This stress can be related to S c and the other 
parameters of the design by the following formulae:— 

5 , = —^ ..... . ( 2 ) 

R log e — 

* r 

From (1) and (2) 

S s =-1 • . '. . . (3) 

The variation of S s with S c is shown graphically in Fig. 5 for 
various values ofE and r. 

Thus for high values of S c , Tow voltage-ranges and large con¬ 
ductors, the value of S s will be high. The conductor sizes are 
generally fixed by the specified current loading and/or short- 
circuit considerations, and for a given voltage S s depends on S c . 

The importance of the value of S s lies in its relation to the 
overall dielectric terminations within joints and sealing ends and 
also to the electrical and physical conditions existing in the cable 
dielectric under gas-leak conditions; . 1 

This latter consideration is dealt with under Section 8.3 of the 
paper. Regarding the former, it shotild be noted that the 
tangential stress existing on the core surface at the point of 
termination of the screen depends upon the product of S s and 
the taper of the stress buffer cone. The higher the value of S s 
the finer should be the taper of the cone, and hence the higher * 
the degree of workmanship required from, the jointer, especially 
if the buffer is hand-applied. . / • % 

From these considerations it is desirable ijiat the maximum 
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o Conductor size, 



Conductor stress , in kV/cm. 

Fig. 5. —Variation of screen stress with stress at conductor 
surface in circular-conductor cables., 


thickness in accordance with the distance from* the conductor* 
and hence with the electric stressing, are used. ^ 

From the mechanical viewpoint it is desirabjp to have pajfers 
with thicknesses graded in this way, since the movement and 
mechanical stress on the papers, during bending of the cable, 
are proportional to the distance from the cable centre. The use 
of papers so graded results in economy as regards cost of paper, 
impregnation and lapping processes, without reducing the electric 
stress rating of the cable. r 

(3.3.3) Solid Dielectric. 

The desirable features of the material for the solid dielectric 
are low permittivity and dielectric loss, low thermal resistivity and 
high electric strength, as well as satisfactory mechanical properties. 

Considering these factors the most satisfactory dielectric is 
impregnated paper. Dried, unimpregnated paper is unsatis¬ 
factory on account of its low electric strength, while its thermal 
resistivity is higher than that of impregnated paper and its use 
would also entail moisture-absorption difficulties during jointing. 

Dealing with the electric strength aspect, Fig. 6 shows the 
stress/time curve for a gas-filled impregnated paper dielectric 
composed of 1 - 75-mil papers, while die characteristics of a gas- 
filled dry paper dielectric 2 are also given. The impregnated-paper 
dielectric has a considerable margin of electric strength over that 
of the dry paper dielectric, where apparently breakdown occurs 
very rapidly when the ionization voltage is exceeded. This type 
of dielectric is, in consequence, weak in its ability to withstand 


value of S s should not exceed 50 kV/cm, and this necessitates 
the use of a value of S c for 33-kV cables, lower than that required 
for reasons of economy. 

For 132-kV cables a gas pressure of 200 lb/sq in by gauge has 
been adopted with a corresponding working^ value of 85 kV/cm, 
while for 33-kV cables a conductor stress of approximately 
65-75 kV/cm has been adopted, corresponding to a screen stress 
not exceeding 50 kV/cm. 

The choice of a stress of 85 kV/cm at 200 lb/sq; in gas pressure 
ensures that no ionization occurs up to at least twice the designed 
operating voltage (see Fig. 3) . 

It may be noted in passing that for shaped (oval) cables S s 
will have its greatest value at the end of the minor axis, and this 
will naturally be greater than the corresponding value for a 
. round conductor cable of equal copper cross-section. 

In connection with the design of cables for use on unearthed 
neutral systems or on systems using a Petersen coil, the basis of 
the design renders it unnecessary to depart from the cable used 
for systems operating with the neutral point earthed. The sup¬ 
pression of ionization up to twice the working voltage provides 
an adequate cover for the imposition of full line voltage between 
conductor and earth. 

(3 .3 ,2) Gas-Space Thickness Control. 

TTb obtain as high an ionization stress as possible at the con¬ 
ductor surface. It is necessary to use paper of the lowest prac¬ 
tical The practical limits consist in ability to with- 

stehiimpregnatmg^machine and lappingmachine conditions, and 
aisb^bending, when incorporated in die cable dielectric, without 
damage such as creasing, wrinkling or tearing. Damage of such 
r k*$id would result in loss of control of the gas-space thickness . 

It shpulti be noted that the breakage of a paper during the 
lappmg operation and its subsequent replacement by overlapping 
would result in a gas space of at least twice the 

normal thickness. -4k far as possible, in the inner layers of the 
* paperdielectric, breakages are avoided by the qse of spools of 
pap^s. sufficient in to complete the tength of cable 

which is being insulated. ' ■ t ; 

At greats diatribes in 


surge voltages. 

Other materials such as varnished cambric and varnished silk,, 
suffer from the drawbacks of high permittivity and high dielectric 
loss, and their use for the entire dielectric would necessitate a 
reduction in the conductor temperature rating .to a void-failure 
by thermal instability. These materials are more costly than pre¬ 
impregnated paper, and their only advantage is that they possess 
superior mechanical properties, the necessity for which has not 
been found in the gas-filled cable. 

Referring again to the impregnated-paper dielectric, it will be 
shown later that it is desirable, especially for high-voltage cables, 
to have a certain amount of compound present in the dielectric 
to provide expansion to compress the gas within the sheath at 
high conductor temperatures, so that the gas density at the con¬ 
ductor is maintained at all temperatures. This tends to set 
limits to the specific gravity of the paper. From the electric 
strength aspect it has been determined that papers having low 
air-porosities are superior to high air-porosity papers *and an 
example of this is shown in Fig. 6. The specific gravity is related 
to a certain extent to the air porosity and varies as a direct 
function of the latter. The values given in Fig. 6 show, how¬ 
ever, that a large increase of electric strength can be obtained 
with a relatively small increase in the specific gravity of tfie paper 
and without encroaching on the limits desirable from the oil 
expansion aspect. 

Dealing with the question of the lower limit of thickness for 
the papers to be used in the most highly stressed dielectric regions 
near the conductor, the thinnest paper used on commercial cables 
to date has been If mils; but experimental* tables insulated 
with 1-mil pre-impregnated papers have been sua^sfully 
manufactured and tested. 

It is convenient at this point to mention that examination of 
the breakdowns in samples similar to those used to obtain 
Fig. 6, but using a high-impedance test circuit to avoid excessive 
burning during breakdown, reveals that the breakdowns in¬ 
variably occur through a butt space and that the fault path is 
very close (of the order of O-Olt) in) to one edge ofcthe paper 
bounding the space. 

The reason for this location of the fault in relation to the width 
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Fig. 6.—Stress/time carves for paper dielectrics under 
200 lb/sq in nitrogen pressure. All tests at 15° C. 

(a) 2'5-mil impregnated paper of low 1 ’air-porosity value. Specific gravity 
0 -9. Tested as in diagram. 

(b) 1-75-mil impregnated paper. Specific gravity 0-8. Tested as in 
diagram. 

(c) 1-75-mil unimpregnated paper. Tests on unslotted sheets. 

of the butt space may arise from a tendency for the papers on* 
the gap faces to bow or deflect and thus reduce the thickness of 
the gas space progressively from the side to the centre of the 
space, while presumably fringing of the dielectric flux will result 
in a •reduction of the stress on the gas space in the immediate ■ 
neighbourhood of the side of the gap, thus producing an optimum 
condition for breakdown just beyond this. 

An additional point is that if ,butt spaces exist in the paper 
next to the electrode, the breakdown invariably passes through 
one of these in preference to a butt space more remote from the 
electrodes. Ionization occurs continuously in the gas-filled gaps 
in these tests, and "this consists of a series of discharges occurring 
between the faces of the gas-filled gaps. These discharges are 
probably concentrated in channels between focal points on the 
gapt>&> and the intensity of the discharge depends upon the 
eifttgy feed to the focal points. 

Where the butt space is bounded on one face by the electrode 
the intensity of the discharges on the impregnated paper forming 
the.other face is clearly greater than where both faces are 
insulating surfaces. 

The screenings over the conductor surface are arranged to 
avoid having butt gaps in the adjacent dielectric bounded by a 
conducting surface. v 


Both the above effects have been observed and discussed else¬ 
where. 3 * 

The impregnating medium for the paper should have sufficient 
surface tension to avoid migration from fully impregnated paper 
having no free impregnant on its surface. For mechanical 
reasons the impregnant should allow the layers of paper to slide 
freely during bending of the cable. Highly refined petroleum 
jellies have been found to give satisfactory results in cables manu¬ 
factured in this country, but low-loss viscous oils of the type 
generally used for solid-type cables also give satisfactory tests, 
provided there is no free compound on the paper surface. In 
the U.S.A. very high-viscosity oils have been used 3 in conjunction 
with super-dense papers, and it is claimed that high electric 
strengths result from their employment. 

The permittivity of the gas-filled cable dielectric is 2 • 8-3 • 0.. 
and the thermal resistivity 700 thermal ohms per cm cube, at 
200 lb/sq in (by gauge) nitrogen pressure. 

(3.3.4) Gaseous Medium. 

The chief factors governing the choice of gas are:— 

(a) Inertness. ' 

(b) High ionization stress. 

(c) Physical and chemical permanence under all conditions of 
service. 

(d) High liquefaction pressure. 

(e) Low coefficient of solubility in the impregnating oil. 

The importance of these factors is fairly self-evident, but the 
following points may be specially noted. 

It is necessary for the gas filling medium to be stable under 
electrical discharge since, under surge-voltage conditions, 
ionization or electrical discharge must-occur in the gas-filled gaps 
within the cable dielectric. 

Considering the common gases, nitrogen and carbon dioxide, 
the latter has a high coefficient of solubility in oil, while ‘it is 
also not as inert as nitrogen. The ionization stresses of both 
gases are about equal. Other common gases are ruled out under 
one or other of the factors given above. Up to the present, high- 
purity nitrogen, i.e. having low oxygen and moisture content, ha5 
been standardized for gas-filled cables. 


(3.3.5) Reinforcement Design. 

For single-core cables the metallic reinforcement tapes are 
composed of brass of quarter-hard temper, while for 3-core cables 
mild steel is used. In each case a factor of safety of 4 is allowed 
for the ratio of the ultimate tensile strength of the tapes to the 
maximum working stress , in service. For the purpose of cal¬ 
culating the thickness of tapes a maximum pressure of250 lb/sq in 
is taken for the gas pressure within the sheath. Although the 
reinforcement tapes are applied on the outside of the pressure- 
retaining lead sheath, the internal diameter of the sheath is taken 
for the purpose of calculating the pressure load on the reinforcing 
tapes, and no allowance is made for any residual tensile stress in 
the lead sheath. These two allowances tend to balance each 
other.-. 

In any cylindrical pipe subjected to* internal pressure the 
longitudinal stress in the material of the pipe is half the circum¬ 
ferential value. It can be shown that it is possible to apply the 
reinforcing tapes at an angle 0 to/the cable axis, such that bolji 
the longitudinal and circumferential components of the pressure 
load are catered for by the reinforcement. 

It can be shown that 


= arc sin^/( 


id 

2D + d' 


where D = outside diameter of the sheath, • 

d == inside diameter of the sheath.* 
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If the reinforcing tapes are applied with a lay longer than 
that giveif by the above angle the reinforced pipe will tend to 
shorten, while if the lay is shorter the pipe will tend to lengthen. 
It should be noted that when the strand of the cable is solidly 
jointed both at joints and sealing ends, i.e. with no expanding 
connector arrangement, part of the longitudinal pressure load of 
the cable will be taken by the strand, thus reducing the stress in 
the reinforcing tapes. Apart from the load imposed on the re¬ 
inforcing tapes by the gas pressure within the cable, there may 
be a certain increment of stress due to the differential thermal 
expansion of the reinforcing tapes relative to the pressure- 
retaining sheath. 

Generally speaking, it is strongly recommended that a second 
protective lead sheath should be applied over the reinforcing tapes, 

. or, alternatively, an effective form of special protection designed 
to prevent corrosion of the reinforcing tapes should be applied. 
If necessary, 3-core cables can be wire-armoured or steel-taped 
over the second lead sheath for protection against mechanical 
damage. > ‘ 

Certain 33-kV 3-core cables operating at 100 lb/sq in gas s 
pressure and corresponding stress values have been installed in 
which the reinforcement consists of single-wire armour, lashed 
over with short-lay steel tapes and served with protection tapes. 

It is felt, however, that standardization in the matter of gas 
pressure, electric stressing, double lead sheathing, etc., in line 
with what has been laid down in this Section will be desirable 
in the future. 

(3.3.6) Cable Types. 

^ For 33 kV and 66kV the 3-core screened cable is the cheapest, 
but 3-core S.L. and also single-core cables can be manufactured. 
For 132 kV single-core cables have been used up to the present, 
but it is possible that in future 3-core cables will be practicable, 
provided that the operating stresses can be considerably increased. 
This will not present any great technical difficulty, but the choice 
between the single-core form and the 3-core form will depend 
upon such factors as the relative lengths of the two types that 
can be handled, especially during installation, and the total 
length of the feeder. The latter is concerned because the 3-core 
cable requires trifurcating joints at the terminations, so that the 
cable terminations can be made with single-core sealing ends. It 
is, of course, fundamentally the influence of these factors on the 
relative costs which will ultimately decide which type of cable is 
preferable for any particular job. 

All the types of cable so far discussed have been the “self- 
contained” type, i.e. provided with the pressure-retaining sheath; 
but in the U.S.A. recently an installation of 21 conductor-miles 
of 120-kV gas-filled cable has been made 3 in which the insulated 
screened cores, stripped of their lead sheaths, lie in a steel pipe 
suitably protected to avoid corrosion. The steel pipe line is 
installed initially and the cables are then drawn in, and subse¬ 
quently the interior of the steel pipe is charged with gas to the 
required pressure. The operating results of this system, which 
was commissioned in December, 1941, will be awaited with in¬ 
terest, especially as they will be directly comparable with those 
obtainable on a similar length of 132-kV cable of the normal 
“self-contained” type installed in this country recently.,, 

■■ ■ . ■ • 

(4) CONSTRUCTION AND MANUFACTURE 
(4.1) Conductor and Screenings 

The conductor, immediately after being* stranded, is passed 
through a solid die lubricated with an insulating compound which 
is subsequently removed from the strand by draining in an oven. 
The»object of this process is to smooth out the surface corruga¬ 
tions due to the circular, section of the individual wires, and to 


provide a flat bed for the application of two or three thin 
metallized-paper screenings, which serve the purpose of screening 
the interstitial spaces between the wires in the outer lafer of*the 
strand, of presenting a smooth cylindrical surface to the di¬ 
electric, and of limiting the maximum radial dimensions of any 
gas space within the dielectric to that of the thickness of the 
individual papers in the dielectric. The method of application 
of the conductor screenings is shown in Fig. 7. Two perforated 



Fig. 7.—Arrangement of screenings over conductor. 

(a) Insulating papers. * (d) Perforated metallized paper. 

( b ) Unperforated metallized paper. (e) Perforations. 

(c) Metallizations. (/) Gas-filled gaps “A.’* 

Overlap on perforated metallized papers not shown, for clarity. * 

metallized papers are first applied to . the conductor with 10% 
overlap, and then an unperforated metallized paper is applied 
with 10% overlap and with the metallized side towards the con¬ 
ductor., The two inner metallized papers are of the perforated 
type in order that the metallizations shall be connected electrically 
with the conductor, and the outer metallized paper is reversed 
in order to ensure that no gap (see “A,” Fig. 7) in the dielectric 
is bounded on the conductor side by a conducting equipotentia! 
surface. 0 

(4.2) Dielectric r 

(4.2.1) Pre-impregnation of Paper. 

The impregnation of the paper is carried out in roll form in a 
type of paper-impregnating machine which has been in use for 
many years in connection with the manufacture of solid-type pre¬ 
impregnated paper cables. 

The raw paper is unreeled in vacuo , passes over electrically 
heated drying rollers, and then leaves the vacuum drying chamber 
via a pair of rubber squeegees and enters the compound im¬ 
pregnating tank. After a definite period of immersion in com¬ 
pound the impregnated paper emerges to atmosphere, and while 
still hot is scraped by two pairs of knives and is then reeled on 
•to a mandrel at the rear of the machine. The scraping is carried 
out at 95-100° C, and thus there is no free compound on the 
paper surface up to at least this temperature. 

Complete latitude is afforded, by the nature of the impregnating 
process, in the choice of the characteristics of the impregnating 
compound to meet the necessary electrical and physical require¬ 
ments. This type of machine is now superseded by the^machine 
of the type shown in Fig. 8 in which the drying of the paper is 
carried out in the atmosphere. The paper subsequently passes 
through the vacuum chamber for the evacuation process and 
then into the compound tank for impregnation. The main 
advantage possessed by this machine over the previous type is 
that much higher temperatures can be used on the drying rollers, 
and hence greater speeds and greater outputs can be obtained 
without risk of the paper scorching during a stoppag^The 
effect of drying the paper in the atmosphere instead of invdtuo 
is practically negligible as the drying temperature is such as 
Would produce a vapour pressure in the moisture of the order of 
100 atmospheres, and hence the effect of a back pressure of 
1 atmosphere is negligible. Any defects in the raw roll of paper 
can also be observed by the operative of this machine, whereas 
in the earlier form these defects could only be seen through a 
glass %indow. • • v :- 'y \ 
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Fig. 8-—Machine for drying and impregnating paper. 


It is desirable, as in other types of high- 
voltage cables, that radially adjacent papers 
should break joint, and in order to ensure 
this the lapping of the highly-stressed inner 
layers of paper insulation on gas-filled cables 
has been carried out on a type of lapping 
machine in which the cable revolves as it 
passes through, while the heads carrying the 
paper-strip spools are stationary. The paper 
strips pass through slots in a sheet-metal 
framework fixed to the machine, thus ensuring 
that each strip is applied to the cable at a 
definite predetermined longitudinal location 
with respect to the adjacent strips. 

The speed of lapping on this machine is 
approximately SOr.p.m., and in conjunction 
with the large distance between the lapping 
head and the point of application to the paper 
this ensures that in the event of a paper 
breakage the process can be stopped before 
the free end of the paper is buried in the 
dielectric. A fairly uniform tension' is main¬ 
tained on the paper strips by passing them 
over a stationary pin placed as close into the 
spool as possible, so that a frictional com¬ 
ponent of tension is added by the pin to the 
paper tension. At large diameters of the 
spool when the tension tends to be low, the 
angle of contact of the paper on the pin is 
large, and hence a large increment of tension 
is added, while for small diameters of the .spool 
when the tension tends to be high the angle of 
contact is small and the increment of tension 
is also small. 

It should be appreciated that in this machine 
the gaps between paper edges and the registra¬ 
tion of the strips can be seen continuously by 
the operative while the machine is revolving. 
A total of 100 papers can be applied at one 
operation through the machine. 

1 (4.3) Lead Sheath 

This is applied in the case of single-core 
cables with 20 mils diametral clearance over 
the dielectric screen, and in the case of multi-? 
core cables it is applied as a fit over the laid- 
up cable. It is essential that the sheath shall 
be sound in quality, so that under service 
conditions no gas leak shall occur. When 


The rolls of impregnated paper are stored until required for 
the lapping operations, when they are cut into spools. The 
impregnated paper in roll form can if necessary be kept for 
periods of the order of weeks in the open atmosphere without 
harmful moisture absorption, but in spool form the maximum 
safe period of storage in open atmosphere is of the order of days. 
The dielectric power-factor/temperature curve shown in Fig. 17 
is typicqj^f gas-filled cable dielectrics made in this way. 


the cable is first put under gas pressure, a 
certain amount of initial distension occurs and it is necessary 
that this be covered adequately by the minimum distension 
limit of the lead sheath of the cable. A testing specification to 
cover this aspect of the design is that 1000. yards of lead pipe, 
extruded 4n lengths equivalent to the lengths used in service, 
shall be tested by means of an internal pressure of 100 lb/sq in 
until a burst occurs. The distension of the sheath at the burst 
should not be less than 5 %. 


(4.2.2) Application of Paper Strips. * 

The pre-impregnated papers are applied to the conductor, in 
air with no special control of humidity, with normal manu¬ 
facturing lays, and with normal gaps between adjacent edges of 
paper laps, vis* 3-6% of the paper width. The outer boundary 
of the dielectric is screened with a 3-mil copper tape apphed 
with overlap. * ;• v S-V' 


(4.4) Reinforcing Tapes 

One or more impregnated fabric tapes, which can be copper- 
wire woven if desired, are applied over the lead sheath to form 
a bedding for the metal reinforcing tapes. 

In the case of single-core cables the reinforcing tapes are 
generally of brass and consist of a first layer, of tape one-half 
the total reinforcement thickness, comprising jjwo strips in. • 







* 

* 
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pr*rallel*double start, applied at such a lay as to give the correct 
ancle of the tapes with the axis of the cable as discussed in 
Section 3.3.5 and having a gap of in between adjacent strips, 
followed by two layers of tape each one-quarter of the total 
reinforcement thickness and each comprising two strips in 
parallel, double start, with 10% overlap of one strip with respect 
to the other and applied in the opposite direction to the first layer 
of tape and at the same angle with the axis of the cable. 

In the case of multicore cables the reinforcing tapes are of 
steel and consist of 4 layers of equal thickness each comprising 
2 tapes in parallel applied with a gap between edges, alternate 
layers of tape reversed and with the same lay as for brass tapes. 

Another impregnated fabric tape is applied over the reinforcing 
tapes, and finally the second lead sheath and protective tapes are 
applied overall. 

(4.5) General 

The gas-filled cable can be made, in the absence of dimen¬ 
sional restrictions, in the single-core, 3-core S.L., or 3-core 
screened form, and in the last-named case the conductors can 
be oval-shaped if required. 


the cable sheath under the former condition will depend upon the 
volumetric average temperature rise of the gas spaces within the 
sheath, and also upon the decrease of gas-space volume as a 
result of the impregnating oil expansion. 

Thus, since ionization generally commences in the insulation 
adjacent to the conductor, it will be apparent that it is desirable 
to arrange for the ratio of oil space to gas's pace within the cable 
sheath to be such that under the worst temperature-gradient con¬ 
dition there shall be no appreciable decrease in the absolute value 
of the gas, density at the conductor surface, compared wilfi the 
basic cold value. 

In actual stability tests on a 132-kV 0-2 sq in gas-filled single- 
core cable, charged with nitrogen at 200 lb/sq in gauge pressure 
at 15° C, the pressure rose to 245 lb/sq in gauge when the cable 
was heated to a conductor temperature of 80 C. Thus the ratio 
of the gas density at the conductor surface under the hot condi¬ 
tions to that at the basic cold conditions can be evaluated on 
the basis of the ratio of its absolute pressure to the absolute 


temperature, to 

/245 f 15\'/200 + I5\ 
>273 : f 80// \mTW 


0*09 


(5) THE PHYSICAL BEHAVIOUR OF THE CABLE UNDER 
TEMPERATURE CYCLES 
(5,1) Dielectric 

When the gas-11 lied cable is heated a rise of pressure occurs 
within the sheath, and the quantitative value of this rise is deter¬ 
mined by the following considerations. 

Assuming that the copper conductor and the cellulose portion 
. of the dielectric have negligible thermal expansions, the excess 
of the thermal expansion of the dielectric impregnating oil over 
that of the lead sheath results in compression of the gas within 

* the sheath, while the pressure of the gas is also increased in 
sympathy with its absolute temperature. Under isothermal or 
known temperature conditions in the cable dielectric, an approxi¬ 
mate calculation can be made for the pressure at any tem¬ 
perature. 

' At any point in the dielectric during a heating period the gas 
pressure will tend to rise proportionally to the absolute tem¬ 
perature at the point considered, and it will also rise owing to 
compression of the gas by the impregnating-oil expansion, which 
is in turn proportional'to the temperature rise. Hence with the 
other factors fixed the gas pressure tends to rise at a rate greater 
than linear proportionally to the temperature rise at the point, 
Considering a single-conductor cable, provided with a uniform 
dielectric as regards oil and gas content, gas pressure-rises corre¬ 
sponding to the radial temperature curve will tend to be generated 
during a heating period, and in general a gas flow will occur 
from the conductor towards the lead sheath. It should be noted 
that the gas flow within the dielectric is a very facile process 
compared with the oil flow occurring within a fully impregnated 
dielectric, owing to the low viscosity of the gas compared with 
that of oils. For instance the viscosity of nitrogen at 200 lb/sq in, 
and from 0 * to 100° C, is approximately 200 x 10~ 6 absolute 
e.g.s, units, while at OCa thin mineral oil may have a value of 
1 *0 and at 100 C a,value of 0*01 absolute e.g.s. units. 

When the conductor is carrying current and a temperature 
^gradient exists in the cable dielectric, for conditions of equili¬ 
brium, ie* when the gas flow has occurred and the gaseous 
pressure is uniform throughout the cable, the gas density varies 
inversely as the absolute temperature at any part of the dielectric, 
and hence the density is lowest at the conductor surface and 
► .. increases as the is approached.- '.. 

In comparing the gas density at any point under the* high- 

# temperature conditions with that at the basic cold temperature, 
■■- = r - however, it mpjst he borne in mind that the gas pressure within 


It will be appreciated from the description of the paper- 
impregnated process given in Section 4.2.1, that no free compound 
can exist within the cable sheath up to 1(H) C, and the cable 
can be operated vertically without fear of drainage. In effect, 
up to this temperature, each paper strip holds its impregnating 
compound by capillarity, and any expansion or contraction of 
the compound results in a corresponding compression or ex¬ 
pansion of the gas cushion surrounding the, paper strip. ' ' 

Another important issue, arising from the fact that there is no 
free compound but only free gas moving within the cubic,-is 
that no deterioration of the oil or paper can occur as a result 
of physical or chemical activity on the part of the copper con¬ 
ductor, overall dielectric screen or lead sheath. This action has 
been noted in both solid and oil-filled cables. 4 

(5.2) The Reinforced Sheath 

When the gas pressure is first applied to the cable, the lead 
sheath is forced into intimate contact with the fabric tape bedding 
under the metal-tape reinforcement until the latter is strained 
sufficiently to produce the stress necessary to withstand the 
pressure of the gas within the sheath. 

Die amount of the initial permanent sheath distension which 
occurs when the gas pressure is first applied to the cable of the 
order of 1 % and represents the sum of the initial slackness of 
the tapes relative to the lead, and the hardening strain of the 
former. ' 

When the cable is subjected to a temperature cycle, the excess 
thermal expansion of the lead sheath over that of tke tape pro¬ 
duces an extra strain and corresponding stress in p thc latter during 
the heating period. The amount of the strain is 9 A 10~ fi and 
the stress within the tapes would be about 120 lb/sq in per deg C 
rise of temperature for brass, and 17 x 10 ' 6 and 480 lb/sq in 
per deg C for steel tapes, if the reinforcement were direct on 
to the sheath. However, the bedding under the reinforcement 
provides some relief for this differential expansion and* in line 
with the above values, extra bedding is being used tf^he case 
of steel-tape reinforcement. 

The rise in the gas pressure within the sheath, due to the 
heating, also demands, for equilibrium of the sheath, a corre¬ 
sponding rise in the stress in the tapes. If the extra stress pro¬ 
duced in the reinforcement as a result of the differential therrmai 
expansion of the lead and the reinforcement is nqt sufficient for 
this purpose, the sheath distends very slightly until sufficient 
extra stress is produced. As a result of this irreversible pr6- 
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cess the datum value of the stress in the reinforcing tapes is 
raised. ^ 

It should be noted^that the amount of the distension, if any, 
is very small since it is the strain corresponding to the difference 
of two stresses of the same order of magnitude. 

In either case, in subsequent temperature cycles, the lead 
sheath merely expands and contracts with temperature changes, 
while the reinforcing tapes, in addition to the same action, may 
also strain in an elastic manner to allow for the differential 
thermal expansion of the lead and reinforcement and, incidentally, 
produce equilibrium of the sheath. 

It should be noted that the reason for the sound reversible 
physical behaviour of the reinforced sheath does not lie funda¬ 
mentally in the design of the latter but rather in the dielectric 
design. 

The compressibility of the gas volume provided within the 
sheath is sufficient to limit the rise of pressure at constant volume, 
when the cable is heated to its maximum temperature, to a value 
which can easily be resisted by the reinforced sheath without cold 
working of the lead, and without the use of heavy and costly 
reinforcement. 

(6) ACCESSORIES 

(6.1) Straight-Through Joints 

(6.1.1) Single-core. 

The general principles of the joint design are illustrated in 
Fig. 9, which shows a 132-kV single-core straight-through joint. 


The screening tape under the sheath is torn off square 4 in 
beyond the sheath termination, and J in beyond the screening- 
tape termination the stress buffer is built up of silk tape. The 
outside of the stress buffer is screened with conducting silk tape 
and finally lapped over with -Jin. diameter lead wire in order to 
cover the edge of the conducting tape. 

Lead-alloy gas pipes plumbed into the cable sheaths connect 
the gas passage of the cable with the filling domes, which are 
also connected across by means of a gas pipe to preserve the con¬ 
tinuity of the gas-flow passage. The brass-alloy sleeve is in 
halves bolted together with a gasket between the flanges and 
provided with extra dummy domes to allow for compound 
expansion. 

The sheaths are jointed to the sleeve by means of cast plumbs 
which also incorporate the brass reinforcing tapes, which are 
previously tinned. The sleeve is filled with a high-viscosity 
bituminous compound to a level just below the lip of the filling 
orifice, and is placed in a concrete protection box. 

The maximum electric stress at the ferrule surface or on the 
conductor adjacent to it is fixed between the limits of 40 and 
50 kV per cm. The chamfer on the trim is standardized at a 
value of 70 mils radial per inch length, and a similar value is 
adopted for the taper of the built-up stress buffer at the screen 
termination. This is logical, since, as mentioned in Section 3.3.1, 
the maximum radial stress at the screen is 50 kV per cm, which 
is the same as the maximum value at the conductor surface in 
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-132-kV single-core cable straight-through joint. 


The conductors are ferrule-jointed and are provided with an 
outer shell or cover to preserve the continuity of the strand gas 
passage. The cable trims are chamfered down to the conductor 
by means of a knife used in conjunction with a chamfering guide. 
The latter consists of a pair of parallel bars carried on bored ends 
which cas^5e rotated about the cable axis. The insulation above 
the baTs is cut off by means of the knife until a smooth conical 
surface is left, and this is finally polished by means of glass 
paper or cloth. 

The ferruled portion of the joint is then insulated, with hand- 
applied pre-impregnated paper strips interleaved with black- 
varnished bias-out silk tape, up to the inner diameter of the joint 
sleeve. The object of the silk tape is to tighten up the paper 
tapes and to produce a compact structure. • 


the joint, and hence the tapers of the trim and built-up buffer 
should be equal. 

(6.1.2) 3-core. 

The principles are the same as for the single-core joint, and 
Fig. 10 shows a 66 -kV 3-core straight-through joint. In this 
case the stress buffer and the built-up insulation over the ferrule 
are merged into one composite structure and the conducting tape 
extends from the screen on one trim to the screen on the other. 
The cores are separated by means of spacers in order to allow 
of hand-taping of the cores. 

The crotch is filled by means of silk-tape lappings in order to 
prevent the migration of compound from the joint into the 

worming spaces. Another point of difference between the 3-core 

• * • • • 
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carrying porcelains with solid copper 
conductors provided with gaskets under 
shoulders on the pressure side. Tlfe design 
follows the standard lines except that the 
bituminous compound is relied upon to 
insulate the bare ends of the conductors 
which pass through the porcelain insulators. 
The gas-feeding of the cable is accomplished 
in this case by means of a pipe entyy into 
the dome on the pressure side of the joint. 

(6.4) Gas-Control Cubicles 
The gas-feed pipes from the sealing ends 
or the trifurcating joints are run to a gas- 
control cubicle of the type shown in Fig. 14. 
The gas pipe is terminated with a pressure 
gauge provided with an alarm contact to 
operate at a certain minimum pressure, and 
a small gas valve which is sealed off during 
normal operation. The gas cylinder is kept 
in the cubicle together with a gas-pressure 
regulating valve for feeding gas into the 
cable system if the necessity arises. Pro¬ 
vision can be made for the alarm to 
cause gas to be fed into the cable auto¬ 
matically. 


and the single-core joints is in the cast plumb boxes where the 
steel-tape reinforcement terminations are gripped by means of 
worm-drive clips on to a metal liner passed over the cable sheath 
and under the tapes. The steel tapes are tinned in order that 
the plumbing metal will adhere to any exposed portions thereof. 

(6.2) Sealing Ends 

The general principles of the sealing ends are illustrated in 
Fig. 11, which represents a 132-kV gas-filled single-core cable 
sealing end. 

The chief feature of interest is the provision of two porcelains, 
the inner being designed to withstand the internal gas pressure 
and the outer designed with sheds to give the requisite flash-over 
voltage. 

The stress buffer is built up in a similar manner to that in the 
straight-through joint and is assisted in the function of con¬ 
trolling the stress by the provision of a metal stress-control 
cylinder within the base of the outer porcelain. Both porcelains 
are filled with a high-viscosity bituminous compound. Imme¬ 
diately below the base gland of the sealing end is the brass gas- 
feed gland which is threaded over the cable sheath and joined 
thereto at the lower end by means of a cast plumb. The cable 
sheath within the gas-feed gland is punctured, and gas is fed into 
the cable via this puncture from a valve and pipe entry into the 
gas-feed gland. For the lower voltages a single-shedded porce¬ 
lain is used in place of the two used on the 132-kV sealing end. 

(6.3) Trifurcating Joints 

(6.3.1) 3-core Gas-fiUed/Single-core Gas-filled. 

A 334cV joint of this type is shown in Fig. 12, and the only 
noteworthy feature is the incorporation of 3 single-core cast 
plumbs within one box at the single core end. Gas-feeding of 
the system is accomplished by means of a pipe entry into a 
dome. 

(6.3.2) 3-core Gas-filled/Single-core Solid-type Cable. 

?./ A 33-kV joint of this type is shown in Fig. 13. The 
basis of this jOint* is the provision of a brass barrier plate 


(7) TESTS 

(7.1) Routine Tests* 

(7.1.1) Gable. 

(7.1.1.1) Gas Test. ' r r r ' 

After the application of the first lead sheath the cable is charged 

with nitrogen from one end to a pressure of 30 lb/sq in by gauge 
and is then sealed off and the pressure recorded. The criterion 
for gas-tightness is that the pressure-gauge reading, corrected for 
temperature, shall not fall more than 0*3% (i.e. within the limits 
of die accuracy of the gauge), during 24 hours. This test is 
carried out both in the lead-cqvered and the finished states, the 
cable being charged from the same end in each case and dis¬ 
charged at the opposite end, so that the air entrained during 
manufacture is swept out and replaced with nitrogen. 

(7.1.1.2) Dielectric Power-Factor/Voltage Test. 

This is carried out on the cable in the finished state at atmo¬ 
spheric pressure and temperature. The measurements are made 
over a range covering the ionization voltage so that tfie basic 
power factor and also the ionization voltage can be determined, 

(7.1.1.3) Insulation Resistance, Capacitance and Conductor 

Resistance Tests. r 

These are carried out exactly as for normal cables. 

(7.1.1.4) High-Voltage D.C. Test. & 

This is carried out on the cable in the finished state at atmo¬ 
spheric pressure and the value used should be 3 • 5 times the r.m.s. 
working voltage. 

fT' ■ 

(7.1.2) Accessories. « 

(7.1.2.1) Gas Tests. 

All joint sleeves are subjected to an internal gas-pressure 
(nitrogen) test of 500 lb/sq in by gauge for 5 minuted while im¬ 
mersed under water, so that any gas leaks can be detected, r 
The sealing ends are subjected to a hydraulic test of 500 lb/sq in 
initially, and subsequently to a test of 350 lb/sq in by gauge 
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Fig. 11.—132-kV cable-sealing end. 


(nitrogen) for 5 minutes. The object of- 
the preliminary hydraulic tests on the 
sealing ends is to avoid the risk of bursts 
under gas-pressure conditions. All the 
above values of gas pressure refer to 
accessories designed for 200 lb/sq in (by 
gauge) working pressure. 

( 7 . 2 ) Type Tests 

(7.2.1) Dielectric Power-Factor/Voltage, High- 

Voltage and Bending Tests. 

The dielectric power-factor/voltage test 
up to twice the working voltage is carried 
out on an unbent sample of the cable 
under 200 lb/sq in gas pressure, and sub¬ 
sequently the sample is subjected to a, 
high-voltage test of 250 kY (a.c.) between 
conductor and sheath for 15 minutes for 
a 132-kV cable. 

The standard bending tests specified 
for normal cables are applied to the gas- 
filled cable, which after being bent is 
erected with sealing-end terminations and 
gas-charged to 200 lb/sq in before being 
subjected to the voltage test of 175 kV 
between conductor and sheath for 15 
minutes for a 132-kV cable. 

(7.2.2) Drainage Test. 

All gas-filled cables are subjected to a 
drainage test as follows: 

A length of 1 yard cut from one of 
these cables shall be suspended vertically 
in an oven maintained at 80° C con¬ 
tinuously for 7 days. Both ends of the. 
cable shall be open, and a lead cup shall 
be provided beneath the lower end. The 
maximum amount of compound drainage 
at the end of this period shall not exceed 
1 - 0 % of the internal volume of the 
sheath. 

(7.3) InstaUation Tests 

(7.3.1) Gas-Pressure Test. 

After the cable installation has been 
completed an over-gas pressure test of 
250 lb/sq in by gauge (nitrogen) is main¬ 
tained for 2 days . 1 During this. period 
the gauge readings are recorded and the 
valves, etc., at the termination are 
checked for leaks. Subsequently the 
pressure is reduced to the working value 
by opening the valve at the end remote 
from the charging end. 

(7.3.2) Electrical Test. 

For 132-kV cables a d.c. high-voltage 
test of 264 kV between conductor and 
sheath is applied for 15 minutes with the 
cable at 200 lb/sq in (by gauge) pressure. 

(7.4) Stability Tests 
(7.4.1) 132-kV Cable Tests. 

Figs. 15, 16, 17 and 18 t show the test 
results obtained on a 132-kV 0 * 2 -sq in 4 
single-core cable with 0 * 6 fjJ) in radial 
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dielectric and with a straight-through joint, and two outdoor and 
two indoor sealing ends included in the run. During the test 
1 • 1 times the working voltage was continuously superimposed 
on the cable, which was subjected, throe times weekly, to 18-hour 
heating cycles, up to a maximum conductor temperature of 
85” C while powcr-factor/voltagc tests were taken up to twice 
the working voltage, three times weekly, at the cold temperature 
and occasionally at the hot temperature. 

At the end of the test the sealing ends and joints and long 
sections of the cable, including those vertically-run sections im¬ 
mediately under the sealing ends, were stripped down and 
examined. No sign whatever of deterioration or ionization was 
found in any sample. 

A further stability test has been carried out on a 132-kV 
0-3-sqin single-core cable in which the cable was subjected to 
approximately sixty 18-hour temperature cycles, up to a conductor 
temperature of 85° C with 1-33 times working voltage con¬ 
tinuously superimposed. During the test, dielectric power- 
factor/voltage tests were taken up to twice the working voltage 
at the cold temperature. The installation included two scaling 
ends situated out-of-doors together with a straight-through joint. 
During the whole of the test no indication of ionization was 
...detected. r • 

(7.4.2) High-Stress Test. 

A length of single-core cable was run at a stress of 140kV 
per cm for 42 days with daily temperature cycles to 65° C. 
Power-factor/voltage tests were taken up to a maximum stress 
of 140 kV/cm and no sign of ionization was detected. The 
stress at the screen over the dielectric was 90 kV/cm, and hence 
- the stim twiffer controls in the straight-through joint and'sealing 
ends were tested under severe conditions. Samples of the cable 


joint and sealing ends examined after the test were found to be 
perfectly free from any trace of ionization effects. 

(7.4.3) High Conductor-Temperature Test. 

A stability test was carried out on a single-core cable which 
was heated daily to 100 'C while under a maximum stress of 
112 kV/cm for 120 days. The powcr-factor/voltagc tests and the 
subsequent examination of the cable revealed no sign of de¬ 
terioration. 

(7.4.4! High Internal Gas-Pressure Test. Y 

In order to demonstrate the inherent soundness of the physical 
design of the gas-filled cable system, a length of cable, with a 
joint included, was run for 9 months without trouble at an in¬ 
ternal gas pressure of 350 Ib/sq in with daily temperature cycles ,i 
up to 70° C maximum conductor temperature. < j ! 

(7.5) Impulse Tests ' \ 

Impulse tests carried out on gas-filled cables have indicated : 
that the surge strength stress of the cable is 800 kV/cm for a j 
negative 1/50 wave. Development worn is proceeding on this . 
aspect of the gas-filled cable. In the U.S.A. certain work 3 has ; 
been carried out showing the influence of the ajyr porosity of 
the paper and of the effect of using high-viscosity^ils* on the 
surge strength of the gas-filled cable. J : 

(8) GAS-PRESSURE CONSIDERATIONS 

(8.1) Pressure Retention - 

Pressure records taken on cables during stability tests h£ve 
indicated that the gas-filled cable system is inherently gas-tight 
and does not require to be topped-up with gas unless there is a 
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Fig. 12— continued. 


definite leak on the system. A 1-mile length of 3-phase circuit 
of 132-kV single-core cable was installed on the C.E.B. system 
in the latter part of 1937, and it has not been found necessary 
during the 5 years’ period for this installation to be topped-up 
in any of the phases as regards gas pressure. These tests, and 
the experience on the other installations listed later in -this paper, 
demonstrate the inherent gas-tightness of the system. By the 
kind co-operation of users, monthly records of gas pressure oh 


feeders comprised in many of these installations furnish con¬ 
tinuous corroborative evidence. 

(8.2) Safety Devices 

Gahges are installed in cubicles at each end of the feeder and 
there are minimum-pressure alarm contacts on these gauges 
which operate audible and/or visual alarms when the pressure 
reaches a predetermined minimum value. If necessary, it can 
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also be arranged for these alarms to operate the pressure- 
regulating valve on the gas cylinder kept within the cubicle as a 



Fig, 14, - Gas-control cubicle. 


(a) Pressure guuges with alarm contacts to 
“make” on railing pressure, 

(M Stop valves. 

(«•> Terminal panel, 
id} Tubular heater. 
ic) Gas-pressure regulator. 

(/.) Nitrogen cylinder. 


stand-by in case oi'a fall of pressure, in ail instances a cylinder of 
gas complete with gas-regulating valve for feeding in gas at a 
pressure slightly above the minimum alarm pressure is installed 
in each cubicle. The minimum alarm pressure for a 132-kV 
system operating at 200 ib/sq in (by gauge) pressure referred to 
15 C is 180 ib/sq in. 


(8.3) Cable Linder Gas-Leak Conditions 

If, due to any cause, accidental or otherwise, a gas leak occurs 
on a gas-filled cable in service, the question arises as to the possi¬ 
bility of maintaining the cable in service during the existence of 
the gas leak, and the effects thereof. 

If a hollow uniform gas main, in which a leak exists, be fed 
at each end with gas at a constant pressure, the gas pressure at 
any point along the main, in terms of the feed pressure, exhaust 
pressure at the leak, and tile leak of the main, is given by the 
following formula:. 


> x, 


(4) 


where P absolute pressure at the point, 

P\ absolute feed pressure. 

absolute exhaust pressure at the leak. 

.v distance of the point from the leak. 

.v, distance between the feed point and the leak. 


In a leaking gas-lillcd cable the gas flow between the 
feed and the leak is mainly along the annulus between- the 
lead sheath and the screen over the dielectric, and since the gas- 
flow resistance between the annulus and the strand is uniformly 
distributed along the whole length (uniform kipping and*paper 
spacing*) the pressure in the strand eventually stabilizes at a 
certain mean value of the annulus pressure. This strand pressure 
can be shown to be approximately 70?,; of the feed pressure, both 
being in absolute terms. 

In order to determine the practical values of pressure existing 
in a punctured gas-lillcd cable the following direct experiment 
was carried out:— 

A length of 0-2 sq in single-core gas-filled cable, insulated with 
()■ 150 in radial dielectric, was terminated in a scaling end at one 
end, and then gas at a constant pressure was fed in via a gas-feed 
gland. The other end was also sealed off and pressure gauges 



Fig, 15.— 132-kV cable stability test, temperature cycle records. Test details as for Fig, 17. 
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Fig. 16.—132-kV cable stability test, dielectric power-factor/voltage curves. Test details as 


for Fig. 17. 
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Fig. 17.—132-kV cable stability test, dielectric power-factor/tem¬ 
perature curve. Power factor measured at 50 c/s. Test 
on finished cable laid direct in ground. 1 • 1 x working 
voltage superimposed throughout the test. Smax — 98 
kV/cm. Tests begun 17/7/35, ended 24/2/36. 


Length tested:—175 yards. < 
Area of conductor0 • 2 sq m. 
Type:— -single-core gas-filled. 


jfjb G004| 


Dielectric:—0 • 650 in. 

Screen:—copper tape. 

Voltage between phases:—132 kV. 
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Fig. 18.—132-kV cable stability test, high-temperature dielectric 
power-factor records. Test details as for Fig. 17. 

were plumbed into the lead at distances of 1, 2, 5 and 20 yards 
from this end. 

A puncture was then made in the lead sheath at this end and 
readings were taken on the pressure gauges when steady values 
had been reached. 

* Fig. 19 shows the pressure/length relationship for this test and 

Strand—:—I 
Lead sheath-d 


i Dielectric 


Actual curve 


' -1 r | 

"'Theoretical strand pressure 


f Theoretical curve 


■ 0 v5" iop .« 

'y.., : Yards ■ 

Fig. 19.—Gas-pressure/length curve for leaking cable. 
P x « 113 lb/sq in abs. V 

Vol. 91, Part II. 


5 •TOKVW-H —I also the theoretical hollow-main curve for 

i i the particular feed pressure. 1 

= -..'- = 3 An experimental check of the strand 

pressure was taken by connecting a pres- . 
sure gauge into the strand of the length of* 
gas-filled cable with a leak on one end, and 
ISO 140 ISO HbO a va iue of 77% of the feed pressure was 
obtained. 

ves Test details as Further tests on two drum lengths of 
132-kV cable with a joint between the lengths 
have given values of 67% and 71 % of the 
feed pressure. In each case the strand pressure was measured at 
the leaky end so that the readings obtained were substantially 
those existing at the leak position. 

For prevention of ionization at the conductor surface at 
85 kV/cm it is necessary to have a pressure of about 90 lb/sq in 
absolute, allowing a margin of 20%, and hence a feed pressure 
of 90/0-7 = 130 lb/sq in absolute, assuming a figure of 0-7 for 
the ratio of the strand pressure to the feed pressure. , 

Considering the radial variation of the gas pressure at the leak 
section of the cable, and assuming that the thickness of the 
individual papers constituting .the dielectric is graded uniformly 
as the radius of application, the pressure falls off approximately 
linearly with respect to the radius, i.e. from the strand pressure 
■ at the conductor to. that of the atmosphere at the dielectric screen 

at the leak position. . . . . , , 

Fig 20 shows the gas-pressure/radius relationship at the leak 
for a feed pressure of 180 lb/sq in for a 132-kV 0-6-sq in single¬ 
core cable with 0-51 in radial dielectric, and also for a 33-kV 
0 • 6-sq in cable with 0 -14 in radial dielectric. On this Figure is 
also giyen the imposed electric stress/radius relationship and the 
corresponding gas-pressure values to suppress ionization. As 
can be seen, under leak conditions a limited portion of the outer 
layers of the dielectric will ionize. With longitudinal recession 
from the leak position, the pressure at the screen rises fairly 
rapidly to a value sufficient to suppress ionization. .... 

In the above case it has been assumed for the most pessimistic 
view that the leak is large so that the pressure in the annulus? 
at the leak position is equal to the atmospheric value. A. 
restricted leak will result in a higher level of pressure in the cable 

generally. . „ , . , ,. . . 

It should be noticed that if gas is fed mto a leaking feeder, 
then the gas flow is inversely proportional, ceteris paribus, to 
the distance between the leak and the feed point. 

The gas-flow resistance of the annulus under the sheath (in 
a single-core cable) is not a very precise quantity. For 
a 132-kV 0-6-sq in cable the value is in the range of 
10—100 lb/sq in per cu ft of gas per second, per yard of 

cable. . . 

The radial gas-flow resistance of. the dielectric between the 
conductor and the screen and also the resistance of the strand 
in a longitudinal direction are much more definite, and for a 
132-kV 0-6-sq in single-core cable the former would have a 
value of 500 000 lb/sq in per cu ft gas per second multiplied by 
the length of cable in yards, while the latter would be 200 lb/sq in 
per cu ft of gas per second, per yard of strand. 

(8.4) Location of Gas Leaks 

The existing method of locating leaks consists in determinirife 
the direction of the gas flow at joints. To carry.tins out the 
domes are removed from the joint, the cross-feed pipe between,; 
domes is choked and then special domes having valves brazed 
into them are bolted on to the filling orifices. This process is 
carried out while the pressure is still on the cable system. Con¬ 
nections are made from the domes to an outside cross-feed pipe, 
having a valve to choke the passage; and also to a differential ' 

. . •;. . ' * ■■ : - - a • 


• : * 
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Radius, inches 



Fig. 20.—Radial gas-pressure variation and electric stress 
conditions at the leak section of the cable. 

(a) 33-kV, 0-6-sq in cable. 

(b) 132-kV, 0-6-sq in cable. 

gauge to measure the pressure difference between the domes. 
The cross-feed pipe is choked so that a directional reading of 
the gas flow is obtained on the differential gauge. This process 
is carried out initially on the centre joint of the feeder and then 
on the quarter-length joint on the faulty side and so on until 
the leak is localized to a single length. 

The joints at the ends of this length are tested and if the leak 
is not discovered on these the following cases have to be con¬ 
sidered:— 

(a) The pressure-retaining sheath may be faulty and the outer 
sheath intact. In this case the outer lead sheath is “ringed 
round,” i.e. a ring of lead 1-2 in wide is removed at the joints 
and checked for emission of gas. If this is occurring the lead 
sheath is ringed at the centre of the length and then at the 
quarter-length position, and so on until the leak is localized to a 
short piece of cable. , 

I (b) Both sheaths of-the cable may be perforated. In this case, 
of course, no leakage of gas will occur from the ringed ends of 
the sheath, and a positive pressure is put on both ends of the 
second sheath and gas-flows established under the second sheath 
to flie fault. Successive ringings of the outer sheath will again 
' localize the fault to a short piece of cable. 


(9) INSTALLATIONS CARRIED^ OUT 

Up to the present, the total of gas-filled cables installed in this 
country comprises some 78 conductor-miles r of 33-kV cable (all 
3-core) and 25 conductor-miles of 132-kV single-core cable. An 
installation of 66-kV 3-core cable involving 9 conductor-miles is 
also proceeding. Some of the 33-kV cable has been laid on 
gradients of 1 in 4 over distances of 400 yards. A trial installa¬ 
tion consisting of a 1-mile run of 132-kV 3-phase circuit has 
been in operation since December, 1937. 

In the U.S.A. a 7-mile run involving 21 conductor-miles of 
120-kV gas-filled cable of the pipe type was commissioned in 
December, 1941, while in Germany some installations of 33-kV 
gas-filled cable have been or are being installed, but the quantities 
are not known definitely. 

(10) ECONOMIC AND TECHNICAL ASPECTS OF THE GAS- 
FILLED CABLE 

There is no apparent technical limit to the use of the gas- 
filled cable for voltages up to at least 264 kV between phases. 
The lower voltage limit for the use of gas-filled cable depends, 
in the absence of any special requirements, on economic con¬ 
siderations. It may incidentally be noted, however, that the oil- 
filled cable is being used in certain instances for 33-kV systems, 
although the initial cost of this type of cable is not as low as 
that of the solid type. All the considerations leading to the use 
of oil-filled cable for 33 kV will apply at least equally to the gas- 
filled cable, which has the additional advantage of lower initial 
cost, absence of auxiliary apparatus, and greater simplicity of 
installation and operation. ’ . « *• . 

For 66-kV working, which is the highest voltage for which 
solid-type cables of reasonable dimensions can be used, the gas- 
filled cable presents considerable economies in cost anil dimen¬ 
sions. Compared with oil-filled cables for 66-kV and 132-kV 
working, the gas-filled cable possesses those advantages which 
have just been outlined with reference to 33-kV cables. 

Referring to the question of special requirements, both the oil- 
filled and gas-filled types possess the advantage over the solid- 
type cable of not being detrimentally affected by local bad 
thermal conditions which may be present in the run of a cable 
System. 

Another consideration which favours the use of gas-filled cable 
is that it is completely independent of gradients and the problems 
incident thereto, and can be run vertically for any height or 
depth without fear of physical or electrical trouble arising due^ 
to drainage of the impregnating compound and also without the 
necessity of altering the standard cable design in any way. 
a Yet another special requirement concerns the degree of fire risk - 
involved in the case of cables laid in restricted spaces such as 
multiway ducts,' tunnels, passages, etc. In the case r of a fire 
originating in, or subsequently affecting, the cable, the presence 
of oil would add to the conflagration and the oirhazard of the 
cables has to be considered. This applies particularly in the 
U.S.A., where many such situations are encountered. 

In the case of gas-filled cable, nitrogen would be emitted from 
any openings in the sheath and hence a fire would tend to be 
extinguished rather than supported. 

• <* * ' 

(11) C ONCLUSIONS 

(a) The design of the gas-filled cable is based upon a quanti¬ 

tative appreciation of the electrical and physical requirements of 
the dielectric of a cable to withstand service conditions without 
deterioration, and definite margins of safety are provided and 
maintained. \ 

(b) The manufacture of the cable does not involve the use of 
any novel or special plant or manufacturing processes other than 
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those which have alr^dy been in use for many years past in the 
manufacture of the solid-type cable. .* 

(c) The cafile system is free from external accessories and no 
special arrangement is*necessary if the cable is run vertically for 
any height or distance. 

(d) The economic aspect of the cable for the voltage range of 
33-132 kV (inclusive) is good. 

(e) The permittivity of the dielectric is a good deal lower than 
that o£any other impregnated-paper dielectric. 

(f) This is of importance in relation to the use, in thg future, 
of higher-voltage and more highly stressed cables and the 
necessity of keeping the cable capacitance load on systems to a 
minimum. 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, 14TH APRIL, 1943 


Mr. J. Hacking: This is the first paper which has been read 
before The Institution dealing with the high-pressure gas-filled 
cable, although it is the work done by the authors, together with 
the work of. several other British firms, which has been largely 
responsible for the renewed interest in this subject in America 
as well as in this country. 

The authors refer in their Introduction to the difficulties 
associated with solid dielectrics in high-voltage cables due to 
the ionization of voids in the insulation. It is owing to these 
troubles that manufacturers limit the maximum permissible 
contjuctor temperature on such cables to 65° C. When the 
design* of the cable provides for the suppression of ionization 
it is present practice to permit conductor temperatures up to 
80° C,*and there is some reason to believe that even this figure 
is conservative. The possible economies which can be made are 
therefore twofold: first, a smaller section of copper can be used 
for the same load; and secondly, the thickness of dielectric can 
be reduced. So far as I am aware, oil-filled, compression, and 
gas-pressure or gas-filled cables are all capable of meeting the 
same dielectric stress and conductor temperature. Although 
the authors refer to all these types of cable, they make no 
reference to the type of cable in which gas is applied between 
the sheath and the dielectric, which has been developed by at 
least two of their competitors. 

I question the authors’ claim that pre-impregnated paper must 

used to justify the title ‘‘gas-filled cable”. American engineers 
u& this term both for pre-impregnated paper and for bulk- 
impregnated paper with drainage. 

The Central Electricity Board have extensive Satisfactory expe- 
rience with oil-filled cables for both 132 kV and 66 kV, the 
former b eing single-core and the latter both single- and 3-core. 
They have also satisfactory experience with 66-kV compression 
cables, both of fjie pipe type and of the self-contained type. 

The Board have been in touch with the development work 
on the gas-pressure cable, and in 1936 they were asked by the 
authors for facilities for a trial installation under actual service 
conditions. As a result, the authors’ firm laid a 1-mile loop of 
132-kV cable in circuit with one of the Board’s lines. This 
installation was put into service on the 4th December, 1937, 
and has*been entirely satisfactory. As a result the Board have 
installed a total of seven short lepgths of 132-kV cable of this 
type, four of them at line terminations, and when they were 
faced with the problem of laying a 132-kV cable through an 
important tunnel in which the fire risk was worthy of special 
consideration, they decided to employ the same type ^of cable. 
iThis installation has a route length of 6 J miles, of which l£ miles 
is m a capacity of 100 MYA and is 

made up of single-core cables, generally of 0*. 4-stj in section. 


This installation was put into commission in December last year, 

and has so far given satisfactory service. 

The bulk of the paper deals with design problems associated 
with this particular type of cable, and the important question 
of economic justification has only a brief reference at the end of 
the paper. I should like to point out here that where alternative 
designs are technically sound and capable of meeting the service 
conditions the selection between them will be governed entirely 
by economic considerations. It would therefore help very much 
if cable makers would give comparative costs of the various 
alternative designs which are available for the different voltages. 

The authors refer to the prospects of using gas-filled cables 
at 33 kV. There is, of course, very extensive and satisfactory 
experience with 33-kV cables of the solid type, which are 
technically satisfactory and are likely to continue to be used 
unless the cost of competing designs is less. This question will 
be affected by the number of lead sheaths to be used on the 
oil-filled or pressure cables, and I note that in Section 3.3.5 of 
the paper the authors suggest that the double lead sheath should 
be standard for gas-filled cables. ' * 

There is also extensive satisfactory experience with 66-kV 
single-core cables of the solid type. The relative costs are likely 
to be affected by the difficulty of using 3-core cables of the solid 
type on account of their large overall dimensions. There is less 
difficulty in using 3-core oil-filled or gas-filled cables. 

There is a strong body of technical opinion which supports 
the view that pre-impregnated paper has inherently a lower 
impulse strength that bulk-impregnated paper. I have already 
mentioned that the Board have several installations of gas-filled 
cable directly in circuit with the lines and with these there has 
been no trouble. The experience is, however, limited and it is 
by no means unlikely that in the future the dielectric require¬ 
ments of h.v. cables will be governed by the impulse conditions. 

I feel, therefore, that the relative impulse strengths should be 
fully investigated, preferably by some independent body (either 
the National Physical Laboratory or the Electrical Research 
Association); and I hope this is the type of development work 
which the authors say is proceeding on this aspect of the problem. 

Mr. P. Y. Hunter: In the author^’ patent specification the 
impression is given that the main feature of their inventipn is a 
gas channel, to which remarkable qualities are attributed. No 
mention is made of those qualities in the present paper, because 
whereas the patent specification is intended fot the use of the 
Patent Office the paper is intended to be read by electrical 
engineers, who know that in fact every pre-impregnated paper 
cable inevitably contains as many gas channels as it has paper ; 

tapes. ' • ' • m 

The authors, in seeking for their cajole*some patentable 

.V * • - ■ • 
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oTgal’ pressurc^as C fn th H S&S channel associated with the use 

studied shows, on the contrar^h ^ P aper . when carefully 

upon the design of the Sble wh;i° W . senousthe u Station 

of the gas channel. Fig 3 showc tv! S ™ pos ® d by the pres ® nc ® 
exist fon (')■'><; • , shows the ionization stresses which 

extremely low, and will seriouslv iim't fh vaIa ? s U 1 . dic at ed are 
tiril stresses .u * seri °usly limit the authors in the prac- 

If oroS h to ho hey <f nem P loy in the design of their cable. 

, P r ° 8 rcss IS to be made in the manufacture of high-voltage 

shown in S K-r m ^ St ^ e JP sed amounting to some multiple of those 
shown m Fig. 3. I fear, therefore, that their cable will not 

suhiect e l m C thR^ etl v° n ° f ° ther types of cable which are not 
subjected to this limitation of ionization stress. 

si * C e r ide ^ tly a httle worried about having chosen 

a ™ factor of safety as 2, because in Section 3.3.4 they 
say ; . I ^ .accessary for the gas filling medium to be stable 
itndei electrical discharge since, under surge-voltage conditions, 
ionization or electrical discharge must occur in the gas-filled 
gaps within the cable dielectric.” My comment on this is that 
if the factor of safety is correctly chosen there is no reason why 

lt^ h o U ! d r r- any eIectricaI discharge in the gas-filled gaps. 

1 * b ! nk .! hat ’ 'f H S- 3 were drawn for an oil-filled cable, instead 
ol the limit ol stress at the conductor being 150 kV per cm it 
would be at least 450 kV per cm; so that the oil-filled cable 
starts with an advantage of 3 to 1 as compared with the authors’ 
cable. 

The authors have claimed consistently that “complete latitude 
is anorded by the nature of the impregnating process in the 
choice ol the characteristics of the impregnating compound to 
meet the necessary electrical and physical requirements.” I find 
that, on the contrary, the choice of materials which will satisfy 
the requirements of this cable is extremely limited. Ihave found 
only one, a very expensive pharmaceutical material, which can 
be relied upon to meet the requirements of this cable under the 
stresses that are proposed. Perhaps the authors will explain 
this more fully. 

Mr, J. R. Beard: I am glad that we are to have on record in 
our Journal this important development of one form of gas- 
pressure cable. It shows that this country still maintains the 
technical initiative it has always had in respect of the develop¬ 
ment of h.v. cables. 

I have been fortunate in having been closely associated with 
h.y. cable developments for nearly 40 years, including the first 
trial of the 132-kV gas-pressure cable described in this paper. 
When that trial was first suggested it was approached with a 
good deal of misgiving, but Mr. Beaver showed such encouraging 
results- from his experimental work that doubts were largely 
resolved and, as the paper says, the trial has been an outstanding 
success. The most surprising thing was the answer to the 
original fear that the puncture of the sheath would result in a 
rapid reduction in gas pressure along the cable and the risk of 
extensive damage to the dielectric. This matter is dealt with 
fully in the paper, where it is, shown how very local and limited 
such an effect is. 

In any reference to 66 -kV and 132-kV cables special tribute 
should lie paid to the brilliant work of the Italian engineer, 
Emanueli, in developing the oil-filled cable and so providing 
--sound and workable cables for use at these voltages at a time 
when the need for them arose. The large installations in many 
parts of the world, and especially in,the London area, are a 
tribute to his engineering ability; but it seems probable that the 
simpler gas-pressure cable will largely supersede the oil-filled in 
the future. V-\ 

.The authors state that this type of cable can be made for 
Voltages up to 264 kV between phases. What Would be the 


dielectric losses at this voltage, and how would they affect the 
current-carrying capacity of the cable? * 

It would be of interest to have actual test figures /or the 
impulse strength of both 132-kV and 664cV cables and com¬ 
parative figures for cables with other types of insulation. Would 
the authors suggest the fitting of lightning arresters on cables 
connected to overhead lines? 

In Section 3.3.2 the authors state that as far as possible 
breakages are avoided in the inner layers of the paper dielectric, 
as if a joint is made the gas space which is formed is of af least 
twice the normal thickness. What happens if during the lapping 
of the insulation one of these inner tapes breaks? If under 
these conditions it is permissible to join the papers, does this 
not mean that there is a weak spot in this length of cable? ’ 

Why is the Hochstadter screen not taken right through the 
132-kV joint, as it is on the 66-kV joint? 

The major insulation of the 132-kV joint is a mixture of silk 
tape and impregnated paper tape. We have had no difficulty 
in obtaining perfectly satisfactory joints with 132-kV cable - using 
paper only, and it would appear that unless absolutely essential 
it is better not to mix the dielectrics. 

We have had a long-standing difference of opinion with the 
authors over their preference for a hard-setting bituniastic filling 
compound for joints and sealing ends where this is subject to 
electrical stress, as we have experienced a large number of break¬ 
downs with this type of compound from 11 kV upwards. In 
the paper reference is made to filling with “high viscosity” 
bituminous compound. Does this mean that the authors have 
to some degree modified their views? 

I suggest that every joint should be fully gas-pressure tested 
before the joint bay is refilled. 

How - frequently would the authors provide ggs feeding 
stations? Would they merely be at the terminal points irre¬ 
spective of the length of the route? 

The information with regard to gas-leak conditions given in 
Section 8.3 is interesting. • As no gas feed can be given to the 
cable until someone can be sent to operate the necessary gas 
valves, how long would it be safe to leave the cable alive with 
reduced gas pressures in the cable? 

Section 8.4 seems to suggest the need for very close localiza¬ 
tion of gas leaks. I think that if a leak were localized to a 
length of cable this would be sufficient, as it would probably be 
better to replace the length than to replace a shorter piece of 
cable and have to install additional joints. 

I have left till last the all-important question of cost. Tbs 
gas-filled cable should be inherently less costly than other types 
at high voltage, but the design of high-pressure gas-filled cable 
described in the paper seems to be unnecessarily expensive, and** 
certainly for 66-kV 3-core cable with the same maximum stress 
the gas-pressure cable is not cheaper than oibductrsable, as is 
stated in Section 10. • It is possible that the cost might be reduced 
by giving consideration to the following points, and I should 
appreciate the authors’ views on the possibility of adopting some 
or all of them. 

After stranding, the conductor is passed* through a die and * 
then three metallized papers are applied. This treatment has 
not. been found necessary on other types of cable working at. 
similar maximum stresses, and the omission of this^tr^atment 
should reduce the cost. 

With the gas-filled cable the speed of lapping the pre-impreg- 
nated paper on the conductor is, I understand, very much lower 
than for normal-type cable insulation, and this has been put 
forward as one of the reasons for the higher cost of this type 
of cable. ^ */ 

The authors are strongly in favour of protecting the reinforc?e- 
naent of the lead sheath by means of ti second lead sheath. This 
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is a practice which «was favoured in this country when oil-duct 
cable was fu;st installed, but experience with a single lead sheath 
on oil-duct cable indicates that satisfactory service will probably 
be obtained with non-ferrous reinforcement with standard water¬ 
proof coverings unless the ground conditions are bad either 
chemically or electrically. 

A point directly bearing upon this question of cost is the 
maximum operating temperature. Makers have always stipu¬ 
lated^ lower figure for solid-insulation cables than for oil-filled 
cables. The paper gives the impression that there is*' no need 
to make such a distinction with gas-pressure cables, and I should 
be glad of the authors 9 confirmation that they are prepared to 
•operate gas-pressure cables at as high a temperature as oil- 
. t filled cables. 

Dr, P. Dunsheath: I think that the general views of the authors 
on the application of precision calculations and deductions are 
•open to criticism. The paper contains several examples of the 
application of mathematics where the first step in the manu¬ 
facturing process would upset the whole of the theory. Take, 
for instance, Fig. 2, which shows a very nice lapping of papers 
of different widths, with different gaps and spaces between them, 
geometrically placed. What I should like to see would be 
another drawing, Fig. 2a, of the same section of cable and 
with measured gaps, taken from any sample of cable made on 
the machine to which this specification was given. This would 
reveal a very different story, and would invalidate many of the 
authors’ deductions, because they depend upon an unattainable 
precision in the ratio of gap to thickness. In Section 1.1, for 
instance, we read that “the dimensions of the spaces . . . are 
•complementary factors in the design”; and in Section 3.2.2, 
“if the width of the gas space is comparable with its thickness 
. .*. 4he stress in the dielectric necessary to produce ioniza¬ 
tion ... is higher.” If these are fundamental factors in the 
design, and there is no cable-lapping machine which will produce 
that ratio, some care must* be exercised in applying the theoretical 
principles. * * 

The authors advocate the application over the conductor of 
metallized paper for screening purposes. If they had included 
some relative test results, (a) for cable made with a plain con¬ 
ductor,-and (b) for cable made with metallized paper over the 
•conductor, the case for screening would have been more con¬ 
vincing; but such a complicated construction is dangerous from 
the manufacturing point of view because it demands such expert 
supervision. Sooner or later the operator will leave a small 
pifece of metallized paper sticking out where it should not be, 
with fatal results. Even Fig. 7 shows one, of these metallized 
layers landing out into the dielectric. A simple conductor, 
•carefully watched, kept clean, and if possible made smooth, 
seems preferable. 

In Sectioif 3.1.2 it is stated that “the pressure variation occur¬ 
ring between th$ maximum and minimum service temperature 
•conditions imposes a minimum duty on the reinforced sheath. 99 
Is there not some confusion here between the requirements of 
the g^s-filled cable and those of a cable in which gas pressure 
is maintained outside the lead sheath? In, the latter case the 
sheath breathes “with variation of internal pressure”; but in the 
gas cable fljpe should be no breathing. The duty on the sheath 
would^ appear to be that imposed by the maximum internal 
pressure only. 

In Section 4.3 the authors say that the bursting distension of 
the sheath with the application of a test pressure of 100 lb per 
sq in should hot be less than 5 %. My experience would lead ' 
me to conclude that such a figure for the distension is not a 
fUnction of tho quality of the lead pipe but of the type of lead 
press used for making the pipe. An inferior pipe may easily 
comply with this specification, whereas a satisfactory pipe may 


fail to do so. One of the reasons for the difficulty is that when 
a lead pipe is burst in this way, the diameter at the centre of the 
burst is very much more than 5 %, and the fact that it is so much 
more weakens the adjacent part, where the distension of 5% is 
measured. If a test of this kind is considered desirable it should 
be carried out within reinforcement of some kind, either in the 
actual reinforcement of the cable or in an enclosing steel pipe, 
which would limit the maximum expansion. 

Section 8.3, analysing the variation in gas pressure along the 
space under the sheath and along the conductor, is very inter¬ 
esting, but here again care is necessary when drawing practical 
conclusions from the theoretical calculations. Even if the values 
of pneumatic resistance of the various components of the cable 
could be controlled with the accuracy suggested, the maintenance 
of an appreciable pressure at the conductor opposite a sheath 
puncture would not save the outer part of the dielectric from 
deterioration. The best thing to do with a leaky gas cable is 
to get it out of service at the earliest possible moment. 

Dr. J. L. Miller: A considerable delay has occurred between 
the appearance of the present paper and the time when the 
authors initiated work on the gas-filled cable. This delay, how¬ 
ever, may be considered to have served three useful purposes. 
First, it has enabled the authors to write with a sureriess that 
can only be derived from a knowledge of the existence of a long 
period of satisfactory practical operation. Secondly, it has 
appropriately enabled the paper to appear just when great 
interest is being shown in gas cables in the U.S.A. It will 
consequently serve to enhance the prestige of British cable 
engineers and to remind everyone of the major contribution 
that the authors have made to high-voltage cable design. 
Thirdly, just when the interest in gas cables appears to be in¬ 
creasing generally in this country, the paper has shown what is 
practicable and proved in gas-filled cable technique up to 132 kV 
and what may be practicable at higher voltages. 

I do not propose to make comparisons between the gas-filled 
cable and gas and oil cables of other types, but perhaps it is 
desirable to emphasize certain features which are of direct 
interest to the operating engineer. . Thus, in the gas-filled cable 
it is evident that special precautions are unnecessary when it is 
installed* on steep gradients, because it contains no free com¬ 
pound. Then, too, little auxiliary equipment is required, because 
gas-feeding apparatus is simple, and such equipment as pressure 
tanks is not wanted. Additionally, no undue dangers arise if 
an accidental puncture of the sheath occurs; warning can be given, 
the insulation is temporarily Safe, and gas-leak location is rela¬ 
tively easy. Further, the cable does not require installation in 
ferrous pipes that might corrode under the influence of vagabond 
currents. Finally, the permittivity of the insulation is low. 
Other types of cables obviously have the above features in 
varying degrees—additionally, too, my assessment of them, may 
; not be beyond criticism—as well as additional ones that some 
engineers may consider desirable; but I feel that the combination 
of features present in the gas-filled cable, proved in the hard 
school of practice, must ensure its use in an ever-widening 
field. •••■■ v --. ’ 

The authors’ interest in impulses is satisfying and the work 
they are doing is fully warranted. 1 The problem, of course, is 
of great moment in the case of overhead lines and connected 
cables in the 200-300-kV class. Here, the lines will be freer 
from actual lightning flashovers than lower-voltage lines, bub- 
surges will certainly exist and they will be transmitted to the 
cables. It is obvious that a position Where the lines were free 
. from trouble and the cables were not, could not be tolerated, 
so that further development of very high-voltage cables must 
include impulse experiments. • • 

As regards conductor screening, a recent* American discussion 


54 


BEAVER AND DAVEY: THE HIGH-PRESSURE GAS-FILLED CABLE: DISCUSSION 


indicated disagreement on the question of its value in increasing 
50-c/s electric strength, but showed more agreement on the point 
that screening improved the impulse strength. While careful 
consideration of the make-up of the various cables under dis¬ 
cussion, together with one’s own tests, can explain a great deal, 
it would be interesting to have the authors’ views. In my 
opinion conductor screening is essential so far as the gas-filled 
cable is concerned. 

Mr, R. E. Horley: The idea of the gas-filled cable is not a 
new one, for I remember that at the beginning of the war of 
1914—18 a Russian engineer suggested the use of a single-core 
cable with a hollow conductor, in which he proposed to put 
compressed air. I am not sure, however, whether the air was 
intended to cool the conductor or to suppress ionization. The 
first patent of a gas-filled cable was granted in 1925, and the 
first patent of an oil-filled cable in 1926. To-day there are 
about 2 000 miles of oil-filled cable installed all over the world, 
whereas I doubt whether there are 100 miles of gas-filled cable. 
I am not suggesting that the merits of the two systems are in 
that ratio, but there is no doubt that the oil-filled cable has set 
an extremely high standard for high-voltage work. Very likely 
the success of the oil-filled cable has been partly responsible for 
the slow development of the gas-filled cable, because it may have 
made engineers hesitate to consider installing a cable with an 
internal pressure of 200 lb per sq in. 

My compiany has been interested in oil-filled cable for many 
years, but it has also been interested in gas-filled cable, and has 
constructed cables of this type with pre-impregnated insulation 
and also with mass-impregnated insulation. We have had good 
results with both types, and have come to the conclusion it is 
not necessary to introduce peculiar features into the construction 
but that the standard methods of cable makers experienced in 
the manufacture of h.v. cable will bp sufficient. 

I am pleased to see that the authors have found a mathematical 
reason for using lower stresses on their 66-kV and 33-kV cables. 

I think this is advisable, seeing that these cables have to stand 
lightning surges. In my opinion the stress values which the 
authors mention are the correct ones. 

Mr. G. N. Wright: Although the number of gas-filled cable 
installations which have been carried out so far is small, do the 
authors think that most of the teething troubles have been 
overcome? Have they any* data regarding the' length of time 
taken, per mile, for the first filling of the cable after installation? 

A material which is reasonably immune from corrosion should 
be chosen for the reinforcing tapes, or the tapes should be given 
a suitable protective covering. While the outer lead sheath" 
serves this purpose so long as it is intact, this sheath, without 
overall armouring, is somewhat vulnerable particu¬ 

larly with the poor class of labour obtainable at the present 
time, receive unnoticed damage during laying. Further, in the 
unlikely event of the inner sheath developing a leak while the 
outer sheath is intact, may not restriction of gas flow between 
the two sheaths be sufficient to allow such a pressure to be built 
up as wopld burst the outer sheath, possibly at a point remote 
froth the position of the leak on the inner sheath? If so, tins is 
another point in favour of overall armouring. 

No mention is made in the paper of the use of Freon gas. ■ 
Has that idea been given up? « 

The authors’ drawing of the sealing end shows no arrange¬ 
ment for core expansion. What is the reason for this omission? 
Further, why has porcelain, rather than a material of the bakelite 
variety, been chosen for the inner cylinder? 

I am pleased to note that the permittivity of the dielectric . 
proposed by the authors is lower than that of any other impreg- 
feted-paper dielectric, so that the capacitance is less than would* 
otherwise hayg been obtained due to the physical dimensions of 


the cable. Further improvement in this r direction would be 
welcomed by the supply industry. 

Dr. L. G. Brazier: Since the Fisher-Atkinson patents were 
granted in 1925 the pressure cable has apparently been developed 
into a cable which in respect of cost is very competitive with 
other types. It is therefore very disappointing that so little 
progress has been made in the application of this type of cable 
to practical service conditions. 

The present paper and the discussion thereon have ipade it 
clear that the modem gas-filled cable has an extremely dry 
dielectric. The air spaces are deliberately left, and the paper 
is actually scraped dry at a temperature of 100° C. This cable 
must therefore fall midway between the perfectly dry cable 
described by Arman* and the fully impregnated pressure cable. 
Its surge resistance is somewhat low, namely 800 kV per cm, 
while the thermal resistivity of 700 thermal ohms is on the high 
side. A more serious defect, however, is the low ionization 
voltage. Mr. Beaver only claims for the gas-filled cable an 
ionization voltage at twice working voltage as shown on the 
curve. It is, in fact, clear from the construction of the dielectric 
that this must be so and also, that,,as the voltage is raised above 
this point, the ionization will be heavy. The other curves, how¬ 
ever, show that even the ordinary solid-type cable has an ioniza¬ 
tion voltage greater than 3 times working voltage; the oil-filled 
cable has an ionization voltage exceeding 3 times working 
voltage; while the fully impregnated pressure cable has an* 
ionization voltage exceeding 4 times working voltage. 

Mr. T. R. Scott: About 15 years ago Emanueli announced the 
solution of the 132-kV problem by means of oil-filled cables. 
Since then many attempts have been made to produce alternative 
solutions. Some of these attempts have been successful, and the 
problem now is to select the most suitable and economical type 
for any given condition of operation. In the U.S.A., papers 
on some of these alternative types have been presented and dis¬ 
cussed simultaneously, and some such procedure would appear 
to be necessary here in order to facilitate assessment. A dis¬ 
cussion of this nature occurred at the Paris H.T. Conference in 
1939, and with the up-to-date re-statement by the authors of the 
pre-impregnated gas-filled cable position the time would appear 
to be ripe for resumption of the general discussion. 

Mr. B. Donkin: For the gas-filled cable, the 50-c/s pressure 
test is not of major importance, but further information on the 
surge strength referred to in Section 7.5 would be of great 
interest. . 

It appears from Section 3.3.1 that the design of the catSe 
hinges on the allowable screen stress at the screen terminations 
in the joints and sealing ends. The type of joint illustrated in 
Fig. 9 has no screen and seems to embody much hand-applieS 
insulation, requiring considerable skill and much time in its 
application. Would the authors give the approfdmate time 
required for making a single-phase 132-kVjoipt, and give the 
reasons for omitting the continuous screen over the hand- 
applied insulation? 

A consideration of the gas-flow resistance, in Section 8.3, 
shows that it may take several days to chafrge a cable length of 
several miles to normal working pressure, even if gas is applied 
at both ends of the cable. This points to the desirability of 
gas-pressure sectioning, making, perhaps, each druSi-iength of 
cable a separate gas section. Somewhat elaborate arrangements 
have been ipade for indicating gas pressure^ and even for auto¬ 
matically “topping up” with gas, in the event of leakage while 
the cable is in service. It is to be hoped that further experience 
will show that a great simplification, or possibly even a fotal 
elimination, of the gas-pressure alarms and automatic gas- 
charging can safely be effected. 

* Jou nal 1937, 81, p. 625. 


55 


BEAVER AND DAVEY: THE HIGH-PRESSURE GAS-FELLED CABLE: DISCUSSION 


In the case of \ long feeder consisting of a number of drum 
lengths, gas-pressure charging cannot normally be started until 
all th« pofets and sealing ends have been finished, resulting in 
lengths of cable lyin| in waterlogged ground without gas pressure 
above atmosphere. Should the lead sheaths have been acci¬ 
dentally punctured, water will penetrate for an appreciable 
distance, owing to the essentially porous nature of the authors’ 
design of cable. The orthodox fully-impregnated cable is much 
mor # e resistant to the entry and penetration of water, because 
all the voids are practically filled with compound.,, This is a 
further reason for making each drum length a separate gas 
section, so that It may be jointed and put under moderate gas 
pressure immediately after being laid. 

In Section 10 the authors refer to the superiority of the gas- 
filled cable in not being detrimentally affected by local bad 
thermal conditions, but it appears that this is true only to the 
extent to which the maximum designed operating temperature 
of 80° C is in excess of that (65° C) normally prescribed for fully- 
impregnated non-gas-filled cables. From the point of view of 
longitudinal heat conduction the gas-filled cable is no better than 
other cables. The maximum operating temperature of 80° C 
must be fairly close to the temperature of thermal instability : it 
therefore seems important to make a careful soil thermal- 
resistivity survey and also to install a hot-spot core-temperature 
indicator if the maximum safe loading is to be obtained without 
danger. 

Mr. F. W. Main: I assume that the curves for the maximum 
and minimum stresses given in Fig. 5 are for solid-type cables. 
It would be interesting to draw a line through points correspond¬ 
ing *to standard dielectric thicknesses for various working 
voltages. 

‘Referring to Fig. 6, have'the authors a curve for 1*75-mil 
0*9 specific-gravity impregnated paper to make comparisons 
complete? 

It is correctly stated in the paper that a cable dielectric con¬ 
sisting of paper fully and suitably impregnated is satisfactory 
in the absence of temperature fluctuations. As fluctuations 
under service conditions cannot be eliminated, ionizable gaseous 
spaces form, and the authors introduce a third element—gas 
maintained at high pressure. It is obviously necessary to take 
the precautions detailed in the paper in regard to the design of 
the dimensions and the positioning of the gas spaces, as well as 
in relation to accurate cable construction. To control success¬ 
fully the complicated position created is an achievement, but, 
employing reasonable dimensions of dielectric, the safety 
factor figure is only 2 compared with 4 for the compression cable. 

Following the development of the original pressure cable, in 
* which *the pressure medium is not in contact with the dielectric 
but compresses it through a lead sheath, other cables containing 
gas either in the dielectric, or in direct contact with it but initially 
outside the electric field, have been developed, and the term 
“pressure cable” came to be applied to all h.v. cable propositions 
employing gas under pressure. Therefore, to avoid confusion, 
the original pressure cable has been renamed “compression 
cable”: in the pipe-line type, the pressure gas is housed between 
the lead sheath and the wall of the steel pipe; and, in the self- 
contained type, between the diaphragm lead sheath and a further 
reinforcecflead sheath. There are over 160 conductor miles of , 
compression cable in actual service for voltages from 50 kV to 
120 kV, the first installation at 66 kV having been in operation 
since 1932. 

It is mentioned that, in the compression cable, low-pressure 


the external pressure maintains the dielectric in this condition 
under load fluctuations, and therefore the causes of ionization 
are eliminated rather than suppressed. 

It is stated that to obviate disadvantages of accessory apparatus 
a type of cable is desirable in which the compensating arrange¬ 
ments are self-contained within the confines of the lead sheath. 
This is correctly claimed for the high-pressure gas-filled cable, 
but it is also true for the compression cable as all compensating 
arrangements are confined to the gas-containing sheath. The 
only apparatus, apart from that which is common to all pressure- 
type cables, is a vessel containing flexible metallic bellows for 
transmitting the pressure from the cable system to the oil in the 
sealing bells automatically catering for expansion and contrac¬ 
tion. 

The authors have, in the design of the cable, set out to prevent 
cold working of the pressure-retaining sheath. There is, how¬ 
ever, no necessity for concern in respect of a limited movement 
of a good lead sheath; the lead-sheath diaphragm of the com¬ 
pression cable has been tested in various countries, and recent 
figures indicate that, taking the number of full-volume daily 
cycles per year as 300, a conservative estimate for the life of the 
lead sheath is 50 years. 

In the event of a leak occurring in the gas-filled cable I should 
like to know how long it would take for the pressure to fall to 
that of atmosphere; for it is apparent that, when pressure is lost, 
the cable will have to be switched out of commission to avoid' 
breakdown. Further, I should like to know what measures are 
taken to ascertain that pressure is distributed throughout the 
whole dielectric. 

Mr. J. K. Webb: The paper should be read in conjunction, 
with others recently published by the American I.E.E., and 
particular note should be taken of the discussion on these 
papers.* * 

Could the authors tell us what became of their ribbed-paper 
idea, described at the Paris H.T. Conference in 1939?| The 
method of screening the conductor now proposed, differs from 
that given in 1939; in this connection, how much trouble do the 
authors anticipate due to occasional creases in the metallized- 
tape? My own experience has beenj that when one attempts 
to smooth off the strand corrugations with metallized paper, 
the cure is often worse than the original complaint, since a single 
wrinkle in this paper is sufficient to wreck a whole length. The 
use of semi-conducting carbon-black paper has been suggested 
in lieu of metallized paper, as being easier to apply and less 
liable to pucker. Have the authors had any experience of 
its use? 

Mr. A. W. Sweetinhurgh: Reference is made at several points 
in the paper to comparisons with oil-filled cables, but it appears 
that the chief advantage claimed for the high-pressure gas-filled 
cable in this respect is on economic grounds. This in turn seems 
to arise from the absence of reservoirs and accessories. Fig. A 
shows the conventional design of an oil-filled cable section from 
this point of view. The upper and lower curves indicate the 
maximum transient pressure related to distance from the feed 
points, for heating and cooling conditions, respectively. It is 
interesting to notice that the values of ordinates would decrease 
rapidly with time. This is particularly the case in regard to the 
expansion curve, as the viscosity of the oil in the central duct 
falls very quickly. Of course, the pressures indicated are only 
a function of length when oil is moved along ihe duct. If 
accommodation for expansion should be restricted, pressure 
changes of similar character would occur at all points. 


gaseous spaces are suppressed by the external application of gas 
•pressure. This is partially correct. If the cable as manufac¬ 
tured is fully impregnated, and the authors agree that a cable 
can be made free from gaseous ionization up to high stresses, 


* Transactions of the American 1942, 61, pp. 652, 658,719. 

t “Developments in the Gas-filled Cable,” Pans H.T. Conference, 1939, Paper 
No, 208. • * 

t T. R> Scott and R. C. Mildner: “Long-period Ageing Tests on Solid-type 
Cables,” Journal 1939, 85, p. 67. - * 
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paper, the width of which is continuously tapered. When this 
roll is wound on to the core by the jointer, a profile is auto¬ 
matically formed which is, within practical measuring limits, 
exactly in accordance with the design. 6y this method of 
application it is possible to obtain a sufficiently small angle of 
taper at the core surface to ensure that a tangential stress of 
2 -21 kV per cm is not exceeded at the surface (this is for all 
normal cable-sizes). The angle of taper is smaller adjacent to 
the core than that used by the authors, but it is varied along its 
length, so,that the tangential stress remains uniform with no 
increase in length. By using this method, even 33-kV cable can 
safely be designed with a conductor stress of 93 kV per cm 
compared with the figure of 65-75 kV per cm proposed by the 
authors. 

I should like to refer to the authors’ expression for the com¬ 
putation of the angle of lay for the reinforcement tapes. In 
deducing this expression it has been assumed that the lead sheath 


It is probable that the high initial rate of increase of pressure 
is due to the presence of free oil in the immediate vicinity of the 
conductor, where it is subject to the greatest rise in temperature, 
but after a short time oil is also fed into the central duct, and 
pressure curves of similar shape could be extended to provide 
for the movement of oil in the interstices and capillaries. In 
any case, some relief is soon available owing to the specific heat 
' of the paper and to its elasticity in compression. During the 
early part of the heating cycle we have in effect a pressure rise 
at the core of a very strong cylinder. If such a system were 
sealed, this pressure would be transmitted radially somewhat 
slowly through the mass of the dielectric. 

Referring now to the cooling cycle, which involves the risk 
of unduly low pressures and the consequent unfavourable con¬ 
ditions in the dielectric; it is clear that the main difficulty is that 
of ensuring the immediate return of the oil along the central 
duct, previously ejected. If this movement could be avoided it 
would be necessary only to provide for local pressure compensa¬ 
tion, which would be favoured by the high temperature of the oil. 
• It may appear to be rash to suggest that such a system could 
operate when sealed, but there is some favourable evidence for 
this view. From extensive observation it has been found that 
both the range of transient pressures and the total oil displace¬ 
ment are less than anticipated. In one or two instances, by 
inadvertence, an oil section of cable has been operated for con¬ 
siderable periods through many load cycles, entirely sealed and 
isolated from oil reservoirs. The effects referred to in the 
Introduction to the paper have been in evidence, but to a sur¬ 
prisingly small degree. Breakdown has not occurred, and the 
cables continued to behave normally when matters were put 
■right. 1;;' ■■■'' ■ 

These considerations suggest that the moderate additional 
elasticity required could be provided within the cable and sheath 
system. The problem of ways and means appears to be less 
formidable than that which the authors of the present paper 
have solved. 

Mr. D. T. Hollingsworth (communicated): It is believed that 
this is the first instance where, in a paper read before The Insti¬ 
tution/the screen stress has been mentioned as a factor in the 
rfesign of h.v. cables and joints. This is a partic ular ly valuable 
point. . V'.. 

I am able to confirm that there is a minimum angle of taper 
adjacent to the core which can be cut by a jointer on the profile 
of a stress buffer cone; and consequently, if this operation is 
Carried out on site, there is a limit to the screen stress which 
can be employed in the cable. This difficulty can be overcome 
bS^e use of paper rolls pre-cut to a definite profile in the factory. 
The jointer is ^upplied with a compound-impregnated roll of 


contributes towards the strength of the total reinforcement. Our 
experience has been that lead possesses no elastic modulus over 
a long period and that, consequently, it cannot contribute 
towards the total reinforcement. I mention this merely as a 
point of correctness, as it has only a small effect upon the angle 
at which the reinforcement tapes are applied to the axis of 
the cable. 

It is further stated by the authors that the excess thermal 
expansion of the lead Sheath during a temperature cycle produces 
a practical additional stress in the tape reinforcement. The 
lead sheath is a loose fit over the cable dielectric, and, for prac¬ 
tical purposes, I should have thought that the lead sheath could 
be considered to be a fluid, so that the thermal expansion would 
■produce only a distortion of the sheath towards the dielectric. 

Mr. K. Konstantinowsky (< communicated ): I last met the present 
authors at the Paris H.T. Conference in 1937, not long after the 
question of producing a 110-kV cable had arisen in Prague. At 
that time, however, the high-pressure gas-filled cable was in the 
development stage and very little information or practical expe¬ 
rience relating to it was available. 

Whilst the number of installations carried out seems to be 
very promising, I take it that the paper was intended to give the 
experimental 'background as well. It seems to me that of the 
experimental work the most important is the ionization-stress/gas- 
pressure curve given in Fig. 3. Therefore, I would draw atten¬ 
tion to the following points: The data in Fig. 3 are based on a 
cable with only 150 mils radial insulation, and the length of the 
cable tested is not given. The examples Quoted in Sections 7.4.2 
and 7.4.3 do not give any stresses comparable with those shown 
in Fig. 3, while no description of the specimen shown in Fig. 4 
is offered and Fig. 6 refers solely to paper specimens. Are there' 1 
any ionization data on 130-kV cable available, apart from the 
cable mentioned in Fig. 17, and,.if so, how do thefy compare 
with those in Fig. 3? ‘ ^ 

Regarding Fig. 19 and. Sections 8.3 and 8.4, when a leak 
occurs in the line there is a part of the cable, close to the fault, 
which will be ionized. According to Figs. 19 and 20 that part 
will be about 10% of the length in question on one side of the 1 
fault. From reading Section 8.4 the impression is formed that 
one section of the cable might comprise at least four, and possibly 1 

■eight or more, cable-lengths; therefore such a secticSi-may be 

between 1 000 and 2 000 yd. In this case the faulty piecewill 
be 200 yd long or even more. As ionization may take place in 
more than one length of the cable, do the authors suggest re¬ 
placing two separate cable-lengths, or approximately 10 % (or 
more), of the total section? What are their suggestions as c to 
procedure in such circumstances? •* 

In connection with this question ! would point out that G. B. 
Shanklin found that his type of gas-pressure cable could be ionized 
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stress, the maximum stress at the conductor must he reduced to 
approximately 69 kV per cm. It would appear that fdr 33-kV 
high-pressure cables the most elheicnt use is not made of the 
dielectric, and therefore. I suggest that consideration should he 
given to the use of a gas which will suppress ionization at a lower 
pneumatic pressure than nitrogen, thereby allowing a reductiv'n 
to be made in the number of reinforcing tapes, or even the use 
of standard, pre-impregnated solid-type cable. 

If a sol id-type 33-kV cable were designed to work at the con¬ 
ductor and sheath stresses mentioned above, it could be tilled 
with l reon gas at a pressure of 25 lb per sq in and ionization 
would occur only if the working voltage were raised so that the 
conductor stress approached lOf) kV per cm. Such a cable should 
he satisfactory as far as its electrical characteristics are concerned 
on any 33-kV system where the neutral point is either solidly 
earthed or earthed through a resistor; and 

. — ] arc-suppression coil earthing could also 

he employed if arrangements were made to 
k short-circuit the coil after a short period of 

•»£ time Kay 30 see) following a fault. The usv > 

.~r-‘ of f reon at a working pressure of 25 lb per 

sq in should he satisfactory since at the 
normal working temperature it liquefies at 
approximately 45 lb per sq in. 

I ivondrlled 33-kV cable would probably 
allow the cable to be run at a con¬ 
ductor temperature cf 85 This would 
increase the current-carrying capacity of a 
solid-type cable by approximately 25",. 
This increase in rating would provide 
j a considerable saving in raw materials, 
i which is of importance under war-time 
| conditions. 

In Section 6 1.1 the authors slate that the 

-~~ UHi.m m joint ferrule has been specialty designed to 

^ preserve the continuity of the strand gas 

passage, 1 should like to stress the impor- 
■*"' lance of this aspect, and, in order to amplify 
«* «*»«* « h ™ w »»* 
nepaed at TV Mibquhnm I ig. B. which indicates the strand pressures 

which are established when a fault occurs at 

_ _ i one end of a cable system consisting of 9 500 

yd of 0*6«sq in !324;V gas-filled cable, 
equipped with automatic gas-feeding appa 
rants which maintains the terminal gas 
pressure under fault conditions at 200lb/sq in. 
It should be noted from this curve that when 
the gas passage at the ferrule is completely 

___ restricted the strand pressure is no longer 

uniform. This condition allows cable sec¬ 
tions Nos, I to f\ which are adjacent to 
I the fault, to ionize, 

f ig, C shows the radial gaseous and dec- 

g * kmmxm trical conditions which are established in 

cahlc lengths Nos, I to 6, and it is clearly 
shown that the use of the ferrule which 
u allows free passage of gas along the strand 

at the joint, only permits ionization to occur 
in the dielectric near to the sheath in the 
faulty section of cable fSection Ij; whereas 
f • with the ferrule which restricts the gas Bow 

’52 at the joint, ionization occurs in all six 

2 si sections of cable. 


1 MtN 
Vi 


~.. t %2-kV sable. Curve showing variation in radial pressure at 

rhe gas teak, and the cable lengths m which ionization occurs. 


{The authors' reply to this discussion 
will be found overleaf.]’ 
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Messrs. C. J. Beaver and E. L. Davey {in reply): We propose 
to reply to the speakers in the order in which they took part in 
the discussion. 

Mr. Hacking . 

We did not refer to the type of cable in which the pressure is 
applied between the sheath and the dielectric because it has not 
yet been proved in service. 

We agree with Mr. Hacking’s point that the choice between 
technically sound cables is governed solely by economic con¬ 
siderations. These are definitely favourable to the type of cable 
under discussion. 

Regarding the impulse strength of gas-filled cables, we would 
refer Mr. Hacking to our reply to Mr. Hunter. Ultimately we 
are agreeable to an investigation by some independent body of 
the behaviour of the cable under surges. „ * 

Mr, Hunter . 

On the subject of design stress values we would say that it is 
possible to design a practicable 264-kV cable with a stress well 
within the range shown in Fig. 3. 

Mr. Hunter refers loosely to a factor of safety of 2 for the 
cable, but this of course is the margin provided for the com¬ 
plete suppression of ionization at the working voltage and not 
the a.c. breakdown-voltage factor of safety, which is of the order 
indicated in Fig. 6. 

Operating experience extending over 6 years confirms that the 
ionization margin provided is ample to avoid deterioration at the 
working voltage. We disagree with Mr. Hunter’s remarks re¬ 
garding the desirability of suppressing ionization in the gas-filled 
cable at voltages above twice the working voltage, for the 
Following reasons: The only service voltages encountered above 
this limit are surge voltages, which may reach peak values of 
8 to 9 times the working r.m.s. voltage on a 132-kV system. 

It is advantageous to allow ionization to occur in the cable di¬ 
electric under these conditions (provided no lowering of the 
surge strength of the dielectric results) since the dielectric losses 
produce attenuation and front-flattening of the surge. 

: Tbe dielectric power-factor/voltage curve of a gas-filled cable 
is shown in Fig. D up to very high stresses, and very appreciable 



Conductor stress, kV/cm 


stand ionization under surge conditions without deterioration. 
The raising of the gas pressure in order to ensure a higher 
ionization voltage would result in very little, if any, improvement 
in the impulse strength, while the impressedWge would not be 
attenuated so much and the net result would be a lowering of 
the margin of safety from this aspect. 

Mr. Hunter’s query regarding the impregnating compounds is 
answered at the end of Section 3.3.3. 

Mr. Beard. " 

f' 

On a 264-kV gas-filled cable the dielectric loss would reduce 
the current-carrying capacity by 7% to 8% for a trefoil circuit 
laid direct in the ground. It is not possible at present to give 
comparative impulse-strength figures for various types of cables. 

We would recommend the fitting of lightning arresters on 
cables connected to overhead lines, especially where a short length 
terminates the line to, say, a transformer. 

Some breakages of the inner tapes inevitably occur during the 
lapping operation, but our test cables were made under these 
conditions and have exhibited no sign of weakness. 

The cores are screened on the 66-kV 3-core joint to eliminate 
the possibility of phase-to-phase faults, but as this possibility 
does not arise on'the 132-kV single-core joint the compound has. 
been utilized here as an insulating medium, thus reducing the 
maximum stress at the conductor and ferrule surfaces. 

We have used a very high-viscosity bituminous compound in 
order to avoid high pressures being generated in the joints or 
sealing ends during thermal.transients. These would add to the 
pressure duty of the accessories. 

We would recommend gas feeding stations at distances of 2 
and 3 miles in order that the charging process may be fairly rapid. 

The cable can be kept alive until the gas pressure reaches 
125 lb/sqin, and the time which would be needed for this to 
occur would of course depend upon the sizes of the leak and 
the cable system. 

We have found it necessary to use the metallized papers at 
the conductor surface for the reasons given in Section 4.1, and 
in any case the cost of this screening is very small. The speed of 
lapping of the cable also has only a small effect on the cable cost. 

We confirm that the gas-filled cable can be operated at as high 
a temperature as the oil-filled cable, namely 80° C. 

Dr. Dunsheath. 

The gas-filled cable does hot depend upon precision of lapping 
to any greater pxtent than other types of cables. Regarding 
Dr. Dunsheath’s remarks on the dimensions of the spaces, the 
thickness is the only dimension which is a fundamental factor 
in the cable design. We have clearly stated that the actual ° 
width/thickness ratios are well beyond the value necessary to 
influence the stressing in the gap. Our tests have proved that 
screening of the conductor is an advantage, and no trouble has 
arisen from defective application. 

W <T agree that ^ duty of the sheath of a gas-filled cable is 
that imposed by the maximum internal pressure, and the design 
is such that this is kept at the lowest possible value. 

Our extensive experimental work on lead pipes indicates that 
the bursting distension (which is directly related to the service 
duty of the sheath of a gas-filled cable) is a direct function of 
the pipe quality. ** 


effects can be predicted if these data are applied, in a manni 
suggested in a recent publication,* to* the calculation of tl 
attenuation of a voltage wave, 

Mg. 6 demonstrates conclusively that the dielectric can witl 

• * “Surge Phenomena” (E.R.A. ReportRef. S/T35, 1941). 


Dr. Miller. 

We have described in other parts of our reply the development 
work we are carrying out with regard to the impulse strength of 
the cable. 

We find that screening the conductor improves the 50-c/s 
electric strength but not the impulse Strength. 
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Mr. Horley. * 

We ar£ glad to know that Mr. Horley has had good results 
witft gas-filled tyjjp cables. 

Mr. Wright. 

We think that the gas-filled cable system is now in an estab¬ 
lished position. The time required for the charging of 1 mile of 
132-kV single-core gas-filled cable is approximately 1-2 days. It 
has for some years been a standard practice for single-core h.v. 
cables to be laid without armour. * 

We do not think that restriction of gas flow between the two 
sheaths is likely to cause trouble in the event of a leak developing 
on the inner sheath. 

Our reason for not allowing for any core expansion at the 
sealing ends is that we cannot see why a sealing end should be 
treated differently, from a joint. The amount of expansion that 
can be allowed for is relatively small and would be useless on a 
long rim of cable. We have never experienced any trouble due 
to this arrangement, either on gas-filled or on solid-type cables. 

Work on the possibility of using Freon for gas-filled cables 
has been held up owing to the difficulty of obtaining supplies in 
war time. 

We have used bakelized paper experimentally for the inner 
pressure-retaining cylinder, but porcelain is definitely superior 
for the purpose. 

Dr. Brazier. 

Our reply to Mr. Hunter covers that part of the discussion in 
which the ionization-voltage value of the gas-filled cable is 
criticized. 

'Mr*Scott. 

. We hope that it will not be long before an opportunity occurs 
for a discussion of the merits of the different types of h.v. 
cables. 

Mr. Donkin. 

Regarding the 132-kV joint, the approximate time required for 
making this is 4 days; the reason for the omission of the screen 
is given in our reply to Mr. Beard. 

With regard to the question- of the maximum operating 
temperature for the gas-filled cable, we have run a stability test 
at 100° C conductor temperature without detriment. 

m 

Mr. Main. 

The curve given in Fig. 5 depends solely on the geometry of 
* the cable and not on the type of dielectric, but the values are 
clearly such as to refer to gas-filled or oil-filled cables. 

We haye no curve for 1 • 75-mil 0 • 9-specific-gravity paper yet, 
but hope to obtain one shortly. 

, The rate a? which the pressure falls when a leak occurs on a 
gas-filled cable depends on the size of the leak and the internal 
volume of the gas-filled cable system, but in general if the 
pressure falls to 125 lb/sq in by gauge the cable should be taken 
out of commission. 

It is clear that owing to the complete absence of free compound 


the gas pressure should be uniform throughout the cable, and all 
our tests have indicated that this is so. * 

Mr. Webb. 

The ribbed-paper suggestion is being held in abeyance for the 
war period. 

The method employed for screening the conductor is the same- 
as that used in 1939, hut in a diagram* which we published at 
that time dealing with an improved outer-screening metallized! 
paper we showed only the outer screening paper. 

We have obtained excellent results from the use of metallized- 
paper screens for the conductor, but have no experience of semi¬ 
conducting carbon-black paper. 

Mr. Sweetinburgh. 

We note Mr. Sweetinburgh’s suggestions with regard to" 
eliminating the accessories from the oil-filled cable system, but 
we are not qualified to comment upon them. ^ 

Mr. Hollingsworth. 

In calculating the angle of lay for the reinforcing tapes it has. 
been assumed that the lead sheath has no strength, but in calcu¬ 
lating the thickness of the reinforcing tapes the inside diameter 
of the sheath has been taken, and no allowance made for residual 
tensile strength in the sheath. 

We prefer to regard the lead sheath at, say, 40° C as a plastic 
solid which requires considerable pressure to cause it to flow or 
distort. 

Mr. Konstantinowsky . 

The results given in Fig. 4 are based on cable insulated with 
150-mil dielectric. 

Ionization tests on 132-kV cable with 1* 75-mil papers at the 
conductor surface show somewhat higher ionization stresses than 
those given in Fig. 3. 

From formula (4) and Fig. 3 it can be deduced that 3 % to 4%, 
of the length on one side of a gas leak will ionize in the outer 
layers, assuming that the exhaust pressure at the leak is at its. 
lowest value, ife. that of the atmosphere. The ionization at the 
fault position under these circumstances is not such as to damage 
the cable dielectric. The amount of replacement required would 
depend upon the nature of the leak. Extinction bf ionization 
probably occurs in some cables on account of the generation of 
a gas pressure by the ionic bombardment of the oil, but this 
pressure cannot of course be generated in a cable which has a 
leak. 

0 

Mr. Summers. 

We do not, think it would be economic at present to design a 
gas-filled cable for operation with Freon at 25 lb/sq in by gauge, 
since it would be necessary to use gas-filled cable accessories, 
which are more costly than normal-type accessories, and the 
saving on the cable would be outweighed by the extra cost of 
the accessories. 

We note with interest Figs. B and C in Mr. Summers’s con¬ 
tribution to the discussion. • 

* “Developments in the Gas-Filled Cable,” Paris H.T. Conference, 1939, Paper 
No 208. ' ‘ 
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SUMMARY 

In certain areas* supplies have been furnished to storage water-heaters 
and other such loads through relays permitting the supply to be 
temporarily suspended by superimposed control during peak times at 
, the discretion of the engineer. The tests described in this paper were 
* carried out in two areas in which such methods of control were avail¬ 
able. The tests were made independently of peak-time suspension, 
and were aimed at finding out how many heaters were consuming at 
any given time. For this purpose the supply was arbitrarily cut olT 
from the heaters and resumed again as quickly as possible. The 
changes in the feeder load were then used as a measure of the heater 
load at that moment. By repeating the process at regular intervals it 
was possible to separate out the heater load curve from the curve for 
the remainder of the load, and thus determine the diversity of the 
water-heater load. 

(I) INTRODUCTION 

A precise knowledge of diversity is important in a number 
of cases, such as (a) size of supply gear to be installed, and 
(/;) supply-cost calculations, 

As regards (a), it is obvious that the sizes of distribution trans¬ 
formers and cables will be affected not only by the total kilowatts 
of apparatus connected but also by the load characteristics (i.e, 
diversity) of such apparatus. The correct sizes to install, 
whether governed by regulation or heating considerations, depend 
upon the maximum simultaneous load and can be predetermined 
only from a knowledge of diversity. In the case of transformers, 
mistakes can be rectified and a different size substituted when the 
one installed proves unsuitable. But a cable choice is irre¬ 
vocable, and the appropriate selection is correspondingly 
important. 

As regards (/>), an analysis of the costs of electricity supply 
shows that only about one-fifth to one-tenth of the (pre-war) 
total i$ proportional to kilowatt-hours* The remainder consists 
of standing costs dependent partly upon the number of con¬ 
sumers but largely upon the maximum power demand which the 
comumej, makes upon the distribution network and the bulk- 
supply point. The individual demand of each consumer, whether 
monthly or yearly maximum, can easily be measured, and in the 
case of many industrial and some commercial and domestic 
connections this reading is taken. But the precise incidence of 
this upon the system—Le. the effective demand of a number of 
such consumers—depends upon the largely unknown factor of 
diversity. Its exact measurement, whether by simultaneous m.d. 
readings or by chart recorders, has generally been too expensive 
except for large-scale supplies or in occasional experiments on 
consumer groups, housing estates, etc. 

It follows that most supply-cost calculations are far from 
scientific, and involve a considerable element of uncertainty. 
One has only to look at the wide divergence between the diversity 
estimates made for the same situation by different authorities to 
see how large this uncertainty is. Hence it is almost impossible 
to determine with any exactitude what is the actual cost of* giving, 
say, an unrestricted domestic supply in any given area. 

The matter has assumed great importance in recent years 

Based on Report Ref. K/T105 of the British 
.^Sleetrtealjftnd Allied Industries Research Association. 

t The Polytechnic, London. t^econded to Ministry of Fuel and Power.) 


owing to the rigidity of the generation kilowatt charge, and 
owing to the disproportionate increase in the domestic load. 
This no longer merely modifies the industrial load peak; in many 
areas it sets up a predominating peak of its own. Post-war 
developments in space- and water-heating in such areas will he 
largely conditioned by estimates of diversity, and large-scale tests 
may then be found advisable. 

In the meantime the technique of superimposed control 
enables us to take precise measurements of diversity in certain 
instances at very slight expense. The control system which 
makes this possible is a comparatively recent development, and 
whilst it is not suggested that the tests here described are the first 
of their kind, no such results appear to have been published 
hitherto. Most of the undertakings having the necessary equip¬ 
ment are either not at present using it in the particular way 
required for our purpose, or else are too fully occupied and too 
short-staffed to co-operate in tests at the present time. If is 
therefore reasonable to suppose that after the war, and with a 
probable increase in the number of such equipments, very many 
of these tests will be feasible and much valuable information will 
be gained. 

Lest a too optimistic view be entertained as to the possibilities 
of this method of test, the following facts should be borne in mind: 

(«) The tests are applicable only to apparatus operated by 
superimposed control. Ruling out such things as street lighting, 
whose load is known already, this means, in general, apparatus 
(such as water heaters, low-temperature radiators and storage 
cookers) capable of being temporarily disconnected without loss 
of service. 

(b) Diversity has been described as a largely unknown quan¬ 
tity, but to a certain extent it is unknowable. Loclti habits and 
circumstances vary so greatly that any results must be scrutinized 
with the utmost care before they can be applied to another 
situation. 

(c) War conditions make the work more difficult and the 
results less typical. The present domestic habits and time-tables 
are to sonic extent artificial and unrepresentative. 

Notwithstanding these limitations it is felt that the method is 
sufficiently promising and sufficiently novel to he worth in¬ 
vestigating, quite apart from the value of the actual results at 
present obtainable. A considerable part of this report is 
therefore spent in describing the procedure adopted in the two 
areas selected. Certain lessons have been learned, and are put 
on record for the assistance of future investigators. 

In the national interest it is necessary to withhold the names 
of the areas from which current supply statistics were obtained. 
This is particularly unfortunate as it makes impossible a personal 
acknowledgment to those who have assisted. Tribute must, 
however, be paid, even though anonymously, to the two chief 
engineers who gave great help both in carrying out the tests and 
in furnishing much supplementary data, 

(2) ORIGIN AND METHOD ' 

The tests arose out of a suggestion made in October, 1940, 
In order to find out without unnecessary correspondence what 
installations were available, a number of makers of superimposed* 

>] 
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control apparatus„were approached. As a result 31 undertakings 
were written to—their installations comprising four different 
types* ol control system. In a few cases no reply was received 
and in 2 cases certain criticisms were offered; 13 undertakings 
offered co-operation after the war, and 7 were willing to carry out 
immediate tests. On pursuing the matter further, however, it 
was lound that in most of these seven cases there were as yet no 
relays connected to heaters, and only two proved suitable for 
the^ purpose in view. The tests in these two areas (designated 
fc 'A and “B”) were carried out in the winter of 1941 and repeated 
in the summer of 1942. 

Both installations were of the “Aetadis” pattern in which 
voice-frequency ripples are impressed on each of the distributors 
in turn, and thus operate tuned relays. These serve to open or 
close the switch supplying the controlled apparatus. The normal 
purpose ol the installation when applied to domestic premises 
is to enable the supply engineer to cut off the controlled load at 
peak times and so reduce the supply costs, improve the regulation, 
etc. For test purposes the opening signal is arbitrarily sent out, 
and the load reduction is noted from the feeder ammeters. The 
closing signal is then emitted, and the rise in load is also noted. 
The whole process is repeated at suitable intervals throughout 
the test period, and thus a load curve of the controlled apparatus 
is picked out from the general load curve. 

Since the purpose of the test is to investigate the normal state 
ol affairs it is essential that this normal state shall not be appre¬ 
ciably disturbed by the test operation. Furthermore, it is im¬ 
portant to keep down the aggregate time of interruption, or con¬ 
sumers whose storage is only just adequate will experience de¬ 
privation. The initial suggestion was that if the time between 
'"oil "and “on” signals were / minutes there should be a recupera¬ 
tion (leriud of not less than 5t or 6/ minutes before the next “off" 


signal was emitted. The correct ratio should really depend on 
the amount of use being made of the controlled apparatus at the 
time, but the results obtained in Area “A” suggest that this 
ratio is a satisfactory compromise. 

The frequency of the test readings is therefore limited by the 
time t, and there appears to be a very great difference in this 
respect between the various installations. On ripple control 
systems the speed change of the ripple generator is sometimes 
carried out by means of a gearbox, and can only be operated 
when the generator is at rest. When the installations were first 
inspected the minimum value obtainable for t was 4 to 5 minutes 
in both cases, but in Case “B” the engineer was able to reduce 
this to half by electrical braking of the d.c. driving motor. 

During light-load periods the number of readings obtainable 
on the basis of, say, 5/ intervals is quite sufficient, but during 
heavy-use periods more frequent readings would be desirable, 
and this is just the time when it would not be safe to reduce the 
5t ratio. Another reason for desiring frequent readings is to 
smooth out fortuitous variations. When the controlled load is 
only a small proportion of the total load on the feeder, fluctua¬ 
tions in the uncontrolled load are liable to make any single test 
reading unreliable. (It is believed that some other types of 
installation, employed in areas where co-operation after the war 
has been promised, are more suitable for this test, both owing 
to a shorter minimum time between “off” and “on’' signals and 
because the signals occur simultaneously on all the feeders. With 
the type here tested the load changes are spaced out, and the 
changes in the ammeter readings are correspondingly harder to 
determine.) 

(3) RESULTS 

The figures for the two areas tested are summarized in Table I, 
and the results are plotted in the form of graphs. Figs. 1 to 6. 
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Table 1 


Particulars of Undertakings and Tests 


- Line 


Area “A” 

Area *‘B** 

1 

Control equipment 

Minimum time between “off” and “on” emissions (t) .. 

4 min 

2 min 

2 

Readings taken every . .. 

_ 30 min 

15 min 

3 

Recuperation time between “on” and “off” (in terms off) 

6it 

6ht 

4 

Consumer characteristics 

Type of dwelling .. .. . 

50% artisan dwellings 

Suburban villas 

! 5 

Approximate rateable value . 

- 50% villas 
£20 to £60 

£40 to £50 

6 

Other data .. .. . 

— 

80-90 % have telephone 

7 

y Heater characteristics 

Type. . 

Circulator 

Circulator 

8 

9 

Supplementary to. .. 

Water capacity 

Coal-fired back boil 
13-24 gallons 

er, chiefly in kitchen 

30-40 gallons 

10 

Proportion fitted hand switch in series with thermostat.. 

At least 75 % 

100% 

11 

Proportion lagged. 

50% 

10% 

12 

Test I Load data 

Number of heaters controlled . 

512 

573 

13 

Loading of each . 

2kW 

3 kW (some 2)* 

14 

Total controlled load . 

1 024 kW 

1 771 kW 

. 15 

Test I Results 1 

Date .. .. .. 

24-25 Oct., 1941 

5 Dec., 1941 

16 

Day of week .. ., . 

Fri.-Sat. 

Friday 

17 

Outdoor temperatures .. . 

36°-54° F. 

51°-53° F. 

18 

Time of maximum load .. .. .... .. .. 

8.30 a.m. (network only) 

7.45 a.m. 

19 

Diversity at this timef .. .. .. .. .. 

3-70 

3’57 

20 

Test II Load data 

Number of heaters controlled 

555 

696 

21 

Loading of each .. .. ,v ... . 

2 kW 

3 kW (some 2) 

22 

Total load controlled 

1 llOkW 

1 964 kW 


Test II Results 



23 

Date .. .. . .. 

17 July, 1942 4 

10 July, 1942 

24 

Day of week. .. . 

Friday 

Friday 

25 

Outdoor temperatures .. 

55°-62° F. 

.. 60°-61°F. 

26 

Time of maximum load. 

8.15 a.m. (network only) 

7.55 a.m. 

27 

Diversity at this timef .. .... 

4-11 

4-13 

28 

Supplementary particulars 

Number of domestic consumers 

5 865 

5 377 

29 

Proportion of domestic to total consumers .... 

Fixed charge of “all-in” tariff (per cent of rateable value) , 
Running charge of “all-in” tariff (per kWh) 

92% 

92% 

30 

20% and-15% 

15% and 10 % 

31 

0-55d. 

Jd. and Ad. 

32 

Proportion of domestic consumers on “all-in” tariff, per cent of 
Line 28 .. .. .. .. .. .. .. .. 

29% 

30% 

33 

Proportion of domestic consumers on prepayment meters, per 



cent of Line 28 .. .. .. ... , 

34% 

23% „ 

34 

Proportion of domestic consumers having electric cookers, per 

‘35 

cent of Line 28 .. .. .. .. .. 

19% 

12% 

Proportion of domestic consumers having electric water heaters, 
per cent of Line 28 . . .. .. 

10% 

. ■ . 19% 

36 

Total sales of undertaking (1941-42), millions of kWh .. 

13*5 

10-5 

37 

Proportion of domestic to total sales .... .. .. 

87% 

62% 

38 

Undertaking yearly load factor .. .. .. ... 

27% 

33% 


Difference between load shed and load acquired {Area “ A ” only) 



39 

Numerical average . . . . . . .. .. 

Test I 

16-lkW 

Test H * 

17-4 kW 

40 

Algebraic average .. .. . . .. .. .. 

-f 2-44 kW 

+ 3-8 kW 


* Ope unit of 40-100 kW in Test I; not included in Test U. 

' .The actual diversities are slightly higher than shown because the readings taken include distribution losses, whereas the figures for the total controlled 
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Each line of the Table is numbered for reference purposes. The 
following are a few explanatory notes. 

In both areas the first test was made over a 24-hour period 
and the second test Trom 6 a.m. to midnight. In each area the 
first two graphs refer to the two separate tests, and show the 
general load curve with and without heaters. The third graph 
shows the heater load only for the two tests together. 

In Area “A” most of the water heaters are connected to two 
groups of single-phase supplies fed from pairs of Scott-connected 
transformers. To simplify matters the test was carried out on 
this single-phase network only. The figures in Lines 18, 19, 26 
and 27 are for the load on these cables only, which is referred to 
as the network load. This, however, was only some three- 
quarters of the total undertaking load, and when the heater 
curve is compared with that of the whole undertaking a some¬ 
what different picture is obtained. 

In Area “B” there is no segregation, and all the figures and 
graphs refer to the whole undertaking. 

(4) DIFFERENCE BETWEEN “OFF” AND “ON” READINGS 

If the feeder load were steady apart from the water heaters, 
the load shed on interrupting the latter would always be slightly 
less than the load acquired on resumption. This is because, in 
the interval, certain thermostats will have cut in (due to cooling) 
whereas none will have cut out (due to heating) since the supply 
has been off. But this effect is likely to be masked by the far 
larger effect due to fluctuations of the remaining load. The 
chief advantage of taking both readings is therefore that they 
itet^as a check on each other, and so the load fluctuations can 
be to some extent averaged out. 

The above reasoning is borne out by the results obtained in 
Afea.'“A.”, Taking the first test, the numerical average of the 
differences between “off” and “on” readings (Line 39) is 16-1 kW. 
The algebraic average (taking account of signs) is + 2-44 kW, 
i.c. the load acquired is higher on the average by this amount. 
Evidently the chief cause of the difference is the fluctuation in the 
uncontrolled load, but there is a subsidiary cause and this latter 
is always in the same direction. 

Now the true reading for the heater load (normal conditions) 
would be the load shed on interruption, and this might be 
obtained by averaging the two readings and then biasing the 
figures by an amount in the neighbourhood of 2 kW. Unfor¬ 
tunately the correct biasing figure would not be constant, and 
in the present instance (Area “A”) a simple average of the two 
nmdings has been plotted. In Area “B” only one reading was 
taken, namely the load shed. (In this case the time between 

signals was only half as great.) 

• * • 

(5) COMMENTS ON RESULTS 

An outstanding feature of all the water-heating load curves 
m the absence qf any evening peak. The general shapes are 
similar in the two areas and both show little seasonal variation, 
though in Area ”R” the summer load curve is about half an 
hour earlier than the winter curve. 

The test did not concern itself with energy consumptions, but 
as a matter of interest the following figures were estimated from 
the areas under the heater load curves. Mean daily consumption 
per heateri^rea U A” (2 kW loading), winter 3*9 kWh, summer 
3*9 kWh; Area “R” (3kW loading), winter 5*1 kWh, summer 
6*6 kWh. 

The apparatus under test consisted of circulator-type heaters 
used to supplement the service obtained from back boilers fitted 
to kitchen fires. Since the fires would not be maintained during 
the night and *nany of the tanks were unlagged, most of the 
heaters would be switched off by hand at night in order to save 
heat losses. This is borne out by a comparison of the summer 


and winter curves, which show that the coal fires in the winter 
do nothing to lessen the magnitude of the morning peak. 

(6) CONCLUSIONS AND INTERPRETATION 

The object of the test was to determine the diversity of a group 
of water heaters connected to a supply system. When such a 
group exists by itself the only figure of interest is the minimum 
diversity, i.e. that occurring at the heater peak. This value is 
given in Table 1, and was in the neighbourhood of 4 in each case. 
The figure can be interpreted by saying that with a group of 
heaters of this type and character of use the largest simultaneous 
demand can be expected to be about one-quarter of the total kW 
connected. 

When the heaters form part only of the load connected to a 
cable or network, and/or when the network is part only of the 
total undertaking load, it is necessary to know the full shape of 
the heater load curve, not merely its peak value. The important 
figures then are the diversities at the times of network and system 
peak. 

The curves show that in both areas there is only a negligible 
time differentiation between the heater peak and the uncon¬ 
trolled load peak on the same feeder. (It should be emphasized 
that this result has relevance only to the particular type of heater 
tested, namely the circulator type which is switched off at night.) 
The “network diversity” is therefore substantially that already 
illustrated. In Area “A” this network forms only part of the 
whole supply system, and what may be called the “system 
diversity” of the water heaters would be that occurring at the 
undertaking peak time. In the present instance (Test 1) there 
are two almost equal peaks on the undertaking, namely that 
already considered (8 to 9 a.m.) and another at 7 p.m. At the 
latter time the water-heater load is less than half its maximum, 
and its diversity then is about 10. In the summer test (II) the 
undertaking peak is at 1 p.m. and the system diversity is about 9. 

This point may be taken a little further, and with an eye to 
applications elsewhere. The two areas in this investigation are 
fairly small and relatively homogeneous. In both cases the load 
is largely domestic and from houses of a fairly uniform type 
(middle-class suburban). Larger undertakings will usually have 
a more varied type of load, but they will frequently include self- 
contained areas whose loadings are very comparable to the under¬ 
taking loads considered here. The present load curves should 
therefore be scrutinized with a view to the network and system 
peaks likely to arise in other areas. 

Broadly speaking, in normal times there are three common 
peak times, as shown in Table 2, Opposite each are given 
the diversity values occurring at this time in [the four sets of 
tests here made. (The effect of the war has been to reduce the 
likelihood of a late afternoon peak and to shift the probable 
times to the morning. This fact is reflected in the aggregate 
curves of the C.E.B., and in all Grid areas the winter peak now 
occurs between 8 a.m. and 12 noon, and is fairly constant 
throughout that period.) 

(7) GUIDANCE FOR FUTURE TESTS 

Tests of the above kind may be made to obtain information of 
purely local importance, or in order to provide data which will 
be useful elsewhere. In the latter case the following conditions 
may be laid down. 

Tests are of very little use unless apparatus can be grouped so 
that all the heaters controlled by a given signal are of the same 
type and of substantially similar magnitude. Electric water 
heaters are broadly of two types, and the data required in each 
case are given in the succeeding paragraphs: 

(a) Self-contained, fully lagged factory-made heaters, usually 
cylindrical, of capacity not exceeding,3 gallons forasink or basin. 
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Table 2 


Water-Heater Diversity at Various Pi ak Timi s 


l ime of da> 

I 

Reason ami character of peak 

Aum 

1 

niwr-.Uic: 

A 

II 

al these tmu's 

Area -ir 

i U 

8 9 pan. 

j Domestic heating and cooking overlap with 

1 lighting, traction and some power 

3 8 

# 

4*3 

4 8 4-2 

12.30-1.30 pan. 

Domestic, largely cooking, especially Sundays 

un 

9 

14 9 

5 6 pun. 

Domestic and commercial lighting overlap with 
power 

13 

12 

mi ?;. 


and 15 to 30 gallons for bath use. This may be termed the 
"'self-contained'* type. 

(h) Electric systems grafted on to fuel-fired installations, con¬ 
sisting of heater units with or without thermostats and with or 
without lagging, fitted to the storage tank or cylinder, which is 
usually larger than in (a) (say 20 to 50 gallons). This type of 
system is usnalfy fitted with a hand-switch, even in cases where a 
thermostat is employed. It may be further split up as follows: 
(/>i) “Immersion" type employing horizontal heater near bottom 
of tank; usually intended for more or less continuous operation 
and lagged accordingly. (/> j “Circulator" type employing verti¬ 
cal heater projecting down from top of tank, usually surrounded 
by tube to give quick heating of small quantities; frequently un- 
lagged and usually switched on only as required. 

In all eases it is essential to know the kW loading, the water 
capacity, and whether or not hand control is fitted, either in 
series with the thermostat or as a parallel circuit to a second 
heating element. Additional data which may be useful are the 
situation of the heater relative to the points of utilization, and 
details of the position of the heater element and the thermostat 
in the tank. 

In Case (a) good lagging can be taken for granted, but in 
</>) the lagging should be classified according to whether it is 


good, medium, poor or absent. In Case (/’>) details of (he firing 
should be obtained whether it is independent slow combustion 
boiler, built-in kitchen range, or back boiler of coal fire. Its 
situation, whether in kitchen or living-room, should also be 
ascertained. 

Besides the data for the apparatus the following points are 
important: day of week and time of year: atmospheric and feed- 
water temperatures; particulars of tariffs involved and the pro¬ 
portion of consumers on each; percentage of domestic consumers 
using cooking and water heating; extent to which feeder serves 
industrial as well as residential loads. Relevant data as to type 
of house, habits of consumers, travelling times and members in 
household; and whether frequent washing is required cither by 
nature of occupation, atmospheric pollution or social habit. Par¬ 
ticulars of home laundry activities. In Case information is 
desirable as to whether the lire is kept going continuously, and if 
not the probable hours of lighting and extinction. When hand- 
switches are fitted an endeavour should he made to Urn! mil the 
probable time of “off" and “on" switching- 
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SUMMARY 

The paper deals with the flow of current between point electrodes 
in circular and elliptical areas, a square, a rhombus, narrow and 
\yide lenticular areas and a narrow lune. The flow between points 
on ^he surface of metal tubes is considered. Results obtained by 
the six points in line” method are quoted. A collection of derived 
formulae is added. 
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(1) INTRODUCTION 

Measurements of the thickness of metal plates or tubes from 
ohe side only can now be made by a direct-current electrical 
method. In the “four points in line” method a low voltage is . 
applied by point contacts to the surface and the potential drop > between which a direct current is passed. The current and the 
between diem observed. In B. M. Thornton’s “six points hi Potential drop between exploring points near* but not too near, 
line’’method 1 there are two pairs of points on which the potential t0 . 5“® current contacts are observed and the results compared 
is observed, and in Warren’s “eight point” method 2 the electrodes w *7 . ? se on plates of known thickness and of the same 

are arranged in two squares. On account of the spread of the ma tenal.. The method is essentially comparative, though the 
current the readings on the potential points differ, and their ratio y® su , rmg ^ t expressed m terms of resistance by calibrating 
is: In indication of the thickness of the plate. The six- and * e galvanometer used to measure the potential difference to read 
•eight-point methods give values for the thickness that are inde- • microvolts usually met with. These readings depend on the 
pendent of the resistivity of the metal. manner m which the current is distributed m the metal and an 

*• j; . the ratio of the spacmg of the current contacts to the thickness 

t King’s College. Newcasde-on-Tyne. of the plate. For thm plates, siqall sgacmgs aiM currents give 
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The theory of the flow of current between two electrodes in an 
infinite plate is well known, but the surfaces to be examined for 
thickness are in practice restricted in area and have boundaries 
which are not always of regular shape. The influence of 
proximity of the electrodes to a free edge has been previously 
examined. 3 . • 

(2) THE EQUATIONS OF LINES OF FLOW IN AN INFINITE 

PLATE 

Metallic structures which are exposed to air, or are designed 
to contain gases or liquids, are liable to corrosion and may 
become dangerously thin. Until within the last few years there 
had been no method in common use by which the thickness of 
a plate or tube or a casting could be measured with sufficient 
accuracy from one side only to determine whether thinning had 
occurred. Following a boiler explosion the problem became 
acute, and magnetic methods having been found to be unsuitable 
an attempt was made to solve it for thick plates or tubes by a 
simple electrical method. This was developed by B. M. Thorn¬ 
ton and the author, and has since been extended to many cases 
of structures where thinning by corrosion or erosion or core 
shift has been suspected. It has been found possible to measure 
the thickness of steel plates or tubes up to 2 in thick, castings 
to 3 in, copper plates to f in and aluminiiun alloys to 2 in (these 
being the maxima with which the authors have had to deal) with 
an average accuracy of 2 \ per cent. 

An account of the method and of some earlier results obtained 
by it were published in December, 1938, in th& Proceedings of the 
Institution of Mechanical Engineers. 1 The greater part of that 
work was done by a “four points in line” method. In this, two 
contacts are made with the surface under test by electrodes 
between which a direct current is passed. The current and the 
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full-scale-deflections. Even with the greater thicknesses it has 
not been found necessary to use more than 15 amp on each 
current contact or a spacing of more than 9 in. The “spotlight” 
galvanometer has made it possible to incorporate the apparatus 
in portable form. 

The ideal condition for a test of this kind is that of a surface 
so large that the boundaries do not influence the flow of the 
current. Most of the resistance in the path of a current diverging 
from point contacts is relatively close to them. In special cases 
it is important to know how the potential drop is distributed, and 
the following notes are solutions of problems which have arisen 
in the practical application of the method. They are chiefly 
concerned with the influence of the size and position of the elec¬ 
trodes on the potential gradient near them. Certain cases have 
been examined as examples of the influence of the shape of the 
specimen on the gradients in it. 

The drop of potential at a point contact is theoretically in¬ 
finite, and with finite contacts it is always large compared with 
that in the surrounding metal. The potential-exploring points 
must therefore be placed far enough from the current points for 
the gradient to be comparable with that in the rest of the metal 
under test. In the construction of standard resistors the posi¬ 
tion of the potential points, is of the first importance. 4 In tests 
of the kind now considered it is sufficient that the current and 
potential points should be a fixed distance apart, as in the 
“ductor” contacts of Evershcd and Vignoles, which have the 
advantage of a rotating movement when pressed on to the sur¬ 
face, by which a thin layer of scale or dirt is penetrated. The 
contacts in these heads are J J in apart. 


{2,1) Derivation of Equation of Lines of Flow by Method 
of Conjugate Functions 

The equipotcntials V of the lines of flow between a source and 
a sink in a thin plane surface must satisfy the equation 


Z 2 V ; irK 

W v ay* 


o 


To find a general solution which makes V constant over the 
cross-sections or boundaries of the areas of contact of the current 
electrodes, assumed finite and circular, take real quantities V 
and V such that (£/ -I jV) is a function of (x 4 jv), where j is 
V(~ 1). Then 


ioc 2 " Hy 2 


0, 


h J £/ 
S.v 2 ay 2 
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The curves U — constant and V « constant cut at right angles 
everywhere. When V — constant is given different values the 
resulting curves are equipotential lines; U -- constant gives the 
curves of lines of flow. The problem is the same as that of the 
electrostatic distribution of field between equal electrodes, oppo¬ 
sitely charged, or the flow of heat between points at different 
temperatures. The lines represented by U are, for a single line 
uniformly charged, radii spaced at equal angles apart, and the 
equipotcntials are concentric circles. The lines of flow between 
a point source and a similar sink in a thin conducting surface are 
identical in form with sections of the field between two equal and 
oppositely charged linear conductors with axes at right angles to 
the surface. 

The relations U + jV— j log ( x+jy), or, in polar co-ordinates, 
U — 0 and V — log r, give the radial lines of force and the con¬ 
centric equipotential circles for a single charged line conductor. 

For two such lines spaced - c and + c from their mid-position, 

U+jV== —-/[log (x + c 4- jy) — log (x — c + /»] ' 

.In polar co-ordinates, U*= 6 t ‘— 0 2 , V= log rjr t 



The angle APB in Fig. 1 is given by 0 2 0 t U 


Now 

V - 

, r 2 1 . ( x c) 2 

>1 2 ix r)~ 

r y m 

i- V* 

and 

\ 

r I #1 „ r-i»r 

•I- tr 


l lex 


and 

<% 

x~ ■■ 

r r 'f-r - lex coth V - 
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This is the equation of an equipotential circle whose centre is at 
the point (— c eoth V, 0) and whose radius is e eoseeh V. 

Coth Fis always greater than unity; writing h ■■■ - eoth F, points 
at (4: /;, 0) are the centres of circles of which the radii are 
a c, cosech V and which are the equipotcntials for selected 
values of F around the source and sink. Since the lines of flow 
are everywhere at right angles to the equipotcntials they-are 
circular arcs whose centres are on the transverse axis at distances 
OQ b, from the origin, where Q is the point of intersection 
with the y-axis of a line drawn through A or li at right angles to 
the radius vectors defined by U ± 0. Referring to Fig. 2, 


! 



the angle OAQ is equal to 0 nil. When the areas of contact 
are finite and of radius a, this being an exponential, a c cosech 
F 0 , where F 0 is the starting potential. The current leaves the ■ 
surface about A everywhere at right angles to it, but the curves 
of flow within the section of a start from the point 0). In 
the section around B they converge to the point (-(- c, 0), the 
centres of the sections now being at (4- h, 0), ' 

(2.2) Derivation of Equation of Lines of Flow by a Physical 

Method 

The above derivation of the equation of the lines of flow and 
equipotcntials by the method of conjugate functions does not 
bring out the relation of the physical factors in the' practical 
problem. The following interesting solution, for which" the 
author is indebted to Dr. C. V. Drysdale, is simpler and more 
direct. 

Let the plate have a thickness t and a resistivity p and let a 
current / be fed into it at point A (Fig. 1). The current flow 
will evidently be radial and uniformly distributed, .and at a dis- ' 
tance r from A the sectional area through which the total current 
/ flows is 2 urt. The current density is then A — //(2wr) and 
the electric force E «* pA — pljil-nrt), Hence the difference of 
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potential between two points P, and P 2 at distances r, and r, 
fromAis • z 12 

p r a ^2 

V t ~v z = Edr = ±=PL\ 0 o r Jk 
J 2-rrtJ r lirt S r 2 

n n 

If the distance between A and B is 2c the difference of potential 
between any point P at a distance r t from A and the mid-point O 
between A and B, due to the source at A, is 

and if r 2 is the distance between P and B the p.d. between P and 
O is 

y ‘- y o- 

due to B. Since the current leaves at B the sign is negative. 
The net p.d. between P and O is therefore 


V=(V t - V 0 ) - (V 2 - V 0 ) 
2-TTt 


--log-) = 
r i r 2 J 


fL log r -2 

2rrt e rj 


and for any constant value of V the point P must lie on an 
equipotential line for which 

log 


If V — 0, log — 0 or r 2 = r u so that the equipotential line is 
the transverse axis. 

If x is the horizontal distance of P to the right of this line 
and y the vertical distance above AB, r 2 = (c + x) 2 + y 2 and 
r? = (c - x) 2 + y 2 , so that 




.«">'+1 


: coth kv = 


x 2 + y 2 + c 2 


or x 2 .+ y 2 — 2 cx coth kV + c 2 = 0 

This may be written 

(h — x) 2 + y 2 « h 2 - c 2 

where‘A = c*coth kV 9 and is the equation of a circle with centre 
“f ” at X = — A and y = 0, and of a radius a such that 

a 2 — /r 2 — c 2 = c 2 (coth 2 kV — 1) = c 2 cosech 2 kV 

so thqjt a = c cosech kV. 

If V is positive and large, coth kV is only slightly greater than 
unity, so that % ® c coth kV is a little greater than c and 
— (A 2 — c 2 jv is so small that the equipotential lines close to 
are circles with A as centre* For smaller positive values of V 9 
•A and r increase as V decreases, but r is always less than h so that 


the circular equipotential lines are larger but shifted more to the 
left as V diminishes. Since (h — x) 2 + y 2 = h 2 — c 2 conditions 
are unaltered if both h and x are reversed in sign. 

The lines of flow from A to B are circles with centre Q (Fig 2) 
on the transverse axis. If OQ = b the equation of the stream- 
lines is 

X 2 + O' + b) 2 = r 2 = H 2 + c 2 , or x 2 + y 2 + 2by — c 2 = 0 
UfliArA t c — x 2 — y 2 


(2.3) Graphical Construction of Field 
The field can be constructed as follows (see Fig. 3): Let P, N 
be the electrodes, O the mid-point between them, through which 



Fig. 3.—Graphical construction of field. 

a transverse axis is drawn. Radii from P and N, spaced here 
7r/8 apart, when produced to cut this axis do so in points which ■» 
are the centres of circles defining the field. .Thus, star ting with 
a centre at O, a circle drawn through P aiylN cuts Che axis at A 
and A'. With these points as centres, circles fire drawn through 
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P and N cutting the axis at BB', CC'. Circles with BB' as centres 
give D, D', and so on. If even sub-multiples of tt are used, OP 
can be taken as the first radius, AP the next, then BP. The inter¬ 
mediate circles have centres at C, C', D, D' each corresponding 
to a sub-multiple angle of the original spacing. In this way the 
field can be drawn to any closeness of approximation. Vectors 
that are at right angles, such as PA, PA' or PB, PC define by their 
intersections on the axis the diameters of the circles in which the 
right-angled triangles lie, e.g. AA', BC. 

(3) THE LENGTHS OF THE LINES; AND THE 
POTENTIAL GRADIENTS 

The resistance of any element of the metal along a line of flow 
is directly proportional to its length and inversely proportional 
to its lateral spread between successive values of U. .The radius 
r is given by r = c cosec 0 and the length of the arc AB, Fig. 2, 
is / = 20 c cosec 0 = sd cosec 0 , where s = spacing = 2c. Thus 
for different spacings the lengths are as shown in Table 1. 

Table 1 


6 

0 

30° 

60° 

90° 

120° 

6 cosec 6 

1 

1-047 

1-208 

V51 

2-42 

Tfs = 4,l^s6 cosec 8 = 

4 

4*18 

4-83 

6-28 

9-68 

If s = 6, / = sd cosec 6 — 

6 

6*28 

7-24 

9-42 

14-5 

If s — 8, / =* cosec 6 == 

8 

8-37 

9-66 

12-5 

19-3 


The potential gradient along the line joining the contacts A 
and B is not uniform. The radius of the equipotential circles is 
r = c cosech F, and Fat a radius r is equal to arc cosech rjc. 

The curve of Fig. 4 shows that the potential changes rapidly 


o,:\ 


PUr_J 



as before, by analogy with the electrostatic problem of the total 
flux between parallel electrodes of radius a spaced^ apprt, at 
voltages Fj and V 2 respectively. The method is as follows: 

By the principle of superposition, 

Y\ V 2 = (.Pn ~~ 2pi 2 — p 22 )E 

where the potential coefficients p depend only on the size, shape 
and position of the conductors, and are defined as the potentials 
induced tfy unit charge, p n on the first conductor, p 22 on the 
second, p i2 on the second by the first, p 2 i by second on the 
first. 

The current flow normal to any point on the surface of an 

electrode is — - —, the voltage falling along the outward-drawn 
p bn 

normal; and the total flow from this electrode is given by 

i rr w. i rr, 

— - -~ds = - -~-ds 

pjj bn p JJ bn 

where i/r is the electrostatic potential in the field. If E is the 
charge on this electrode, then the total flux (lines of force or 
lines of flow) from it is 

JJ d n 

The total flow of current in the current problem is I — ArrElp. 
The total resistance in the current path is then 

C* . n 

R = _ JL( Pn - 2 Pn +.p 22 ) 

and p n = 2 log a = p 2 i< If the source and the sink are at a 
distance S apart and have equal effective radii of contact a 9 
then 

i? = — ^“(2 log a —2 log S) 

277 


Fig. 4.—Variation of potential between electrodes. 

near to the electrodes, and that it is nearly uniform over the 
middle third of the distance between them. The potential is 
takerias ■■ 

dV c 

The potential gradient - = ' 

i (4) THE TOTAL RESISTANCE BETWEEN^ 

ELECTRODES 

The total ^resistance between line electrodes inserted at right 
angles to the surlace, in a plate of unit thickness, can be calculated 




Thus if S— 6 in and a is taken as 0-1 in, Sfa = 60 and 
log (5/a) 2 = 8-1; with p == 0• 7 X 10 -6 ohm per inch cube, 

= x 81 =0-9 X 10 -6 ohm 

277 


Taking a as unity and keeping the ratio the same by raising S, 
the total potential difference e ~ (p//27r) log*S 2 . . 

Measurements made on a large plate of electrolytic copper 
| in thick gave the readings shown in Table 2/ at different 
spacings of the electrodes. - „ 

" V'; Table 2 


S(jn) 

c (obs.) X 105 

e(calc.) x 105 

■ 2 

0-635 

0-7 

4 

1-15 

1*2 

6 

1-52 

1-55 r ■ 

8 

1-82 

1-82 

10 

2-.00 

2-00 

• 


. Here the value of S/a was chosen so as to give equal observed 
and calculated values at the largest spacing. It is evident that 
the conformation of the field remained in effect constant, con¬ 
tracting slightly at the lower spacings. The conclusion to be 
drawn from this close agreement is that the pointed electrode 
used led the current into the plate with Very little distortion, as^ 
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if in fact it were a line electrode in the plate normal to the 
surface. • 

* (5) CIRCULAR AND ELLIPTICAL AREAS IN A 
UNIFORM FIELD 

Before considering further the influence of the size of the 
electrodes on expressions for the resistances and electric gradients 
in plates of various shapes, two cases of current flow may be 
given here with which the results to be obtained may be com¬ 
pand. When the flow is through circular or elliptical areas of 
relative resistivity p in a uniform current field, exact solutions 
are possible. In both areas the current density is the same at all 
points within the area. In the circular area. Fig. 5, the element 



Fig. 5.—Circular area in uniform field. 

of resistance dR — pdxl(2y), the thickness of the disc and field 
being unity. 


‘ JK 2 — q 2 — and R = ( a 2 „_ f° r the whole circle. 

r j£-“j a ^ 

Thus R =.p arc sin - = —p, and this is the same what- 

L «Jo * 

ever the size of the disc. The maximum drop of voltage along 
a strip of unit breadth is lapII(2d) = pi, where / is the total 
current crossing the transverse diameter. The potential gradient 
is a straight line. 

In an ellipse, Fig. 6, when the flow is parallel to the major 
axis the element of resistance is dR = pdxj(2y). 



Fig. 6.—Elliptical area in uniform field. 
a 2 ^ b 2 

y = ~(a 2 — x 2 )* 


pa ax 

2b V( a2 ~- x2 ) 
Jo 


par . x~] a 

~2br CSm ai 0 


life total resistance for the whole ellipse is R p = 7t/2 . ajb . p, 
• which depends not on the size of the ellipse but on its pro¬ 
portions. . 


For an ellipse in which the flow is across the section parallel 
to the minor axis, 

_ T7 b 

R 0 = ^ *~*p 
2 a 

The ratio R p /R 0 ~ a 2 jb 2 . Thus the resistance of an ellipse in 
which the ratio of the axes is 5 to 1 is 25 times greater along 
the major axis than along the minor axis. 

The total resistance of the square enclosing a circle is p; that 
of the circle is then 7r/2 times that of the square enclosing it. 

The resistance of a rectangular strip of the same overall dimen¬ 
sions as the prolate ellipse is pa/b, and the ratio of this to that of 
the ellipse is again tt/2, the same as for a circle, for any eccen¬ 
tricity of the area. The potential gradient is in this case a straight 
line everywhere, as for the circle. 

The ratio of the current density in the area considered, which 
might be that of a copper rivet in an iron plate, or an elliptical 
inset, has been worked out and illustrated by the streamline 
method in a paper by Hele-Shaw and Hay. 5 .The following 
examples are from the figures in this paper. 

Example 1. Circular Section.—p = 2-0; ratio of Current densi¬ 
ties k = 1-46. With p = 100 the ratio is 1-83. Other closely * 
approximate values are given in Table 3. 

Table 3 


Circle 

Ellipse alb = 3 

P 

k 

P 

k 

P 

k 

1 

1-0 

1 

10 

40 

3-08 

2 

.1*46 

2 

1-2 

60 

3*20 

3-24 

q. q 

3 

1-69 

4 

1-53 

100 

4 

1-78 

6 

1-8 

1000 

5 

1-81 

10 

2-2 



100 

1-83 

20 

2-7 




Example 2. Elliptical Section .—Ratio of axes 3/1; with 
p = 20 'k = 2-7; with p = 100 k = 3*24; with p = 1 000' 
k = 3*3. From these values of k the concentration of flow 
in areas of these shapes can be found. In the electrical-current 
case k is the ratio of the conductivities of the areas to that of the 
surrounding metal; in the electrostatic case A; is the ratio Of the 
dielectric constants; in the magnetic case, the ratio of per¬ 
meabilities; in the thermal case, of thermal conductivity; when in 
each case the respective constants of the surrounding medium 
are unity, k multiplied by the actual value of the constants in 
this medium gives the true flux through the areas. 

(6) THE FLOW BETWEEN OPPOSITE CORNERS OF 
A SQUARE 

In the divergence of a current from a cylindrical electrode of 
radius a to a concentric boundary of radius b the element of 
resistance at a radius r is . 

2rrr 


and for the whole area 


fc log ! 


If the current passing is I the potential gradient is given by 

- tfF _ pi ■. 
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The resistance of a sector element of angle a is pdrftroc) and for 
the whqle sector p/a log bja. 

When the electrodes are placed at the opposite corners of a ^——-— 

square of side h the equipotentials near them are circles and the - A — 

^element of resistance then is IpdrKjrr). The lines of flow cross \ 

the greater part of the mid-section at right angles, and their form V 

is a compromise between the circles of unrestricted flow and \ 

radial flow with its hyperbolic gradient law. The variation from \ 

radial flow is not marked until the value of a is about /r/2, and for \ 

the immediate purpose of finding the gradients near the elec- \ a 

trodes the element of area at right angles to the lines of flow can • \ 

be taken as (7rr/2)dr. The current through it is I and the \ 

gradient • \ 

g = zJL = zM \ 

s dr nr \ 


Taking the radius of the electrode as a 
or at distances defined by f is 


-fh the gradient there. 


When the figure is a rhombus of acute angle a, 

— pi 

$■= —- 
ocr 

The current densities at points along the transverse diagonal are 
inversely proportional to the lengths of the lines of flow, and 
the ratio of these lengths to the side of the square depends upon 
the form that they take. This changes from the straight line 
between the centres of the contacts to the triangular path around 
' the edge of the square. The streamline method of Hele-Shaw 
and Hay indicates that a sine-wave path is the closest mean 
approximation that can be made. Taking y = b sin x/a as the 
equation of the lines, their length is given by 


S~2\(a 2 + b 2 cos 2 6)*d9 

•'n 


where 6 = x/a. 5 

Expanding and integrating, the relative current densities are 
found to be as follows (b is the distance from the horizontal axis 
along the other diagonal): 

b — 0, 0*2, 0*5, 0-8 

<r = 1, 0*98, 0*86, 0*71 

The distribution of current over the section is then fairly uniform, 
except at the comers. The resistance between electrodes of 
radius a is approximately 

V 2 1 h 
lo* 3V2 

(7) RESISTANCE OF A NARROW LENTICULAR ELEMENT 

.When the electrodes are circles at the ends of a lens-shaped 
element the lines of flow inside it are circles, but when the section 
is narrow an approximation can be made by taking the element 
of equipotential PP', Fig. 7, to be a straight line. The co¬ 
ordinates of P are x,y; the length PM = PB - OA = y - a; 
y — (r 2 — x 2 )*, where r is the radius of the boundary; a = r cos «; 
and PP' = 2[(r 2 - x 2 )* - r cos a]. Let angle AOP be 9; then 
PP' = 2r(cos 9 — cos a). 

The dement of resistance at the chord PP' is - 

'V OR. _ *** ^ - v ' ■ 

-■ 2r(cos 9 — cos a) 



1 

-A- j 



\ 

V 

r 

a / 
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Pig. 7.—Determination of resistance of a lens-shaped element. 

x = r sin <9, rcos 9, and dR = - • dQ 

dv 2(cos d — cos a) 

Since at the limits when 0 = a, the resistance is infinite, take 
the limits as ± a' where (a — a') is small. Then 

r 0L' 

R = P cos 9d6 

2 cos 9 — cos a * * 

The expression to be integrated can be transformed a? follows: 

cos A _ , , cos a _ cos a 

cos 9 — cos a ^ cos 9 — cos a + 2(cos 2 6/2 - cos 2 a/2) 

= 1 cos a sec 2 9/2 

2 ‘ 1 - cos 2 (a/2)(l + tan 2 9)2) 

_ 1 cos a sec 2 9/2 

2 cos 2 a/2 tan 2 a/2 — tan 2 0/2 

Integrating this expression, we obtain 

R^P (i + cos « . a* 2 ## 

2 \ 2 cos 2 a/2 tan 2 a/2 — tan 2 612/ 


p ^ P |7| , cos a sec 2 0/2 

2 \ 2 cos 2 a/2 tan? a/2 — tan 2 6/2) 


p(~ , cosa f 2 dx \ ‘ . 

~ 21 2 * + 2 cos 2 a/2 where * = V 2 and 

J a = tan a/2 

. % ' c 

= Pf^jy' 4 - cos a 2 tana/2 + tan 0/2\ +«' 

2v 2 cos 2 a/2 2 tan a/2 ° g tan a/2 — tan 0/2/ _ a . 

-Cr^., cosa dosa/2,_ytana/2 + tana72Y 2 l 

4 + tos U«/2 - J 

-> «/2 + tan ct'/2\ ; A , 


- efa- +2 «log 

2\ tan a/2 — tan a /2/ 

/ , , . . tan a/2 + tan a'/2\ 

v tan a/2 — tan a72/ 


/ , . . . tan a/2 + tana 72 \ 

= />(«' +cot a log—- - ; ' ) 

\ tan a/2 — tan a'/2/ 

As an example, take a = 10° and give a' valfles 9°, 8°, 7°r 
The integral has then the value of the ordinates in Fig. 8. In the 
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„ * o 1 r cos a cos 9 


20 sin 0\cos 6 — cos a cos 9 — cos a; 


> /> | cos 0 cos ccd9 


40 -\ p = P | cos (7 c os aat? p j 

2 0sin0(cos0 — cosa) 2 6 sin 6 (cos 0 — cos a) 

30- V J -a' J - a ' 

20 ■ Expanding the harmonic terms and retaining the first two 

# X. terms of each series (the error introduced by omitting the higher 

10 * x. m terms is about 3 per cent), knowing that 9 is less than unity, 

0(X£X / \ 6 oc' we have, to this approximation, 

- -20 The gradients in the wider lens are slightly greater at the elec- 

\ trodes than in the narrow case for the same total drop of potential. 

\] ■ -30 

V “\ (9) RESISTANCE OF A CIRCULAR DISC ACROSS A 

V "40 DIAMETER 

1 -50 The thick lenticular element is intermediate between the thin 

case and the circular disc considered next, for which an exact 
■ -go solution can be obtained. 

jrjg # g The lines of flow and the equipotentials are circles. When h 

middle half the change of resistance, and therefore the potential 
gradient, is nearly constant. 

^ = £ 1 * 
dx 2r cos 9 — cos a 

Thus dR/dx is a minimum when 0 = 0 and would be infinite if 
0 =5= a. * 

(8) RESISTANCE OF WIDE LENTICULAR SECTIONS 
When the defining angle a is relatively large, though less than m ^ 

unity in circular measure, the equipotentials in sections of this ' f diame'tw. ° f 3 ° irCUlar ^ aCr ° SS a 

^ n is the radius of the disc the radius of an equipotential circle /• is 

h cot 6, 6 defining the point P (Fig. 10). 

AT) __ pdr _ pdr _ ph cosec 2 Odd 

~W'~2F6~~2WcoMT 
0 a 

Thus R = P d ® 

9 sin 29 

\ 

where 9 a = arc sin a/h and a is the radius of the small electrode 
Cl B area whose centre is on the rim of the circle. 





Fig. 9.—Determination of resistance of a wide lenticular section. 

shape are circles. Let PT, Fig. 9, be the tangent at P; the arc 
with T as centre is then the equipotential line. 

CQ — a sec 9 = r cos a sec 9 
PQ = r( 1 — cos a sec 9) 

and # r' = PQ cot 0 = r (cos 9 — cos a) cosec 9 
The element of resistance dR is given by 

d R = P *-= P dr ' 

. 2/9 2r0(cos 9 — cos a) cosec 9 

thfe thickness of the plate being unity. 

# fir* 

-tx r cosec 2 9 (cos a cos 9 — 1) 


The solution is 6 


>lo 8 “ 
7 t a 


(10) RESISTANCE OF AN ELLIPTICAL PLATE WITH 
END CONTACTS 

When the area is an ellipse and the lines of flow are taken to 
follow those at the boundary the equipotentials are confocal 
hyperbolas and the solution may be obtained by the use of special 
functions; but, by symmetry with the above solution, theresis- 
tance must have the form 

n 2p. 2a* 

R = — log -j— 

■n be 

Where a is now the semi major axis and b the semi mino r axis, 
c is the radius of the area of contact with its centre on the rim. 
In both the circular and elliptical casesjthexhange of resistance 
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as the area of contact is increased, or between equip otentials, is 
of the form shown in Fig. 8. 

The above results may be compared with those given in 
Section 5 for circles and ellipses in a uniform field. The 
resistance as defined there is (7r/2)p for the total circle and 

TT a 7Tb 

2 'b*P or 2 • ~ for the ellipse, according as the flow is along 
the major or the minor axis. 

(11) RESISTANCE OF A NARROW LUNE 

The area is defined by the angles a, and a 2 on a base 2 h 
(see Fig. 11). 1 2 




-/? Oj //+A 


Fig. 11.—Resistance of a narrow lune. 

OO i =/rcot <%i, 00 2 = h cot a 2 
The radii of the boundaries are r x and r 2 . 

0 X 0 2 = c = h (cot a x — cot 0 C 2 ) 
r +*' 

• . _ rdd 

The resistance R = p — } 

-a' 

The maximum width of the area is Tj + c — r 2i and the mean 
radius r = (r x + r 2 )/2. 

PP' c^ r x — r 2 + c cos 0, where 0 = 0 X + When 

0 = (ot x + a 2 )/2, PP' = 0, and (r 2 — r x ) — c cos a, where 
a » (a A + a 2 )/2, we have 

. cos 0 — cos a 
PP = (r 2 -r x )-— -— 

T.. 4 r»r\c< A. 


» __ ^ r x + > 2 cos ocd& 

~~ P 2 (r 2 Ti)(oos 0 — cos a) 


= e H+I2 .COSC 

2 r 2 -r t 


V d& 
cos 2 0/2 — cos 2 a/2 


_ /o rj + r 2 cos a 1 (sec 2 dj2)dd 

2 r 2 — cos 2 a/2 2 tan 2 a/2 — tan 2 0/2 •* 

, —o' 

= £ r i + *2 , cos 06 1 * / tan a/2 + tana'/2 \ 2 

2 r 2 - ^ cos 2 a/2 2 tan a/2 \tan a/2 — tan a'/2/ 


_ /> >! + >: 


2 r 2 ~ r t 


5 • cot a . 2 log 


tana/2 + tana/2 
tan a/2 — tan a'/2 


r, + r 2 . . tan a/2 + tan a'/2 

J? « A 1 * cot a . log-- — - -m i.. . —JL- 

P *2 *i tena/2 ~ tana/2 


The gradient Is nearly the same as that of a thin lenticular area 
but fe slightly Ipss at the electrodes (see Fig. 8). 


(12) INFLUENCE OF THICKNESS OF PLATE ON 
DISTRIBUTION OF CURRENT 

Whether for the purpose of a test a plate can be regarded as 
thin or thick is largely a question of the distance the contacts are 
placed apart. For a spacing of 2 in a f in plate might be con¬ 
sidered to be thick, but for a 6 in spacing thin, so far as it affects 
the potential at any point. When, as in thin plates, the current 
density cr at a point on the transverse axis of Fig. 2 can be taken 
as inversely proportional to the length of the current line passing 
through the point, the manner in which cr decreases as the field 
spreads can be indicated by taking the current density <r 0 at the 
origin as unity and calculating cr = g 0 s/1, where s. is the spacing 
of the electrodes. The length of the arc starting at an angle 0 
to the line AB, Fig. 1, is 20c cosec 0, or s9 cosec 0. Some of 
these values have been given in Section 3. Table 4 gives the 


Table 4 



relative values of a at points where the curve starting at an angle 
0 cuts the transverse axis. . 

These are drawn in Fig. 12, and experimental values are also 



„ -270 -180 -90 0 90 180 270 * 

0, degrees 

Fig. 12 * 

• G *= a 0 sjl 
O Observed 

■ ..- •••'.' r 

given of the relative potentials at corresponding points, taken 
on a fin mild-steel plate with 3in spacing of the electrodes and a 
current of 7 amp passing. - 

The significance of the agreement between the two curves is 
that even up to fin mild steel the form of the current field is not 
greatly different from that in thin plates of the same material, 
but it has shrunk towards the electrode axis; in a copper plate 
of this thickness .the effect is more marked. ** 

The lines of flow between points on a surface unlimited in 
depth and area may be regarded as having a resistance twice 
that between small spheres in a conducting medium. Jeans 7 has 
shown that the resistance between two spheres of radius a spaced 
a distance c between their centres is given by r 
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In the two-dimensional case 


The ratio 




;log (s) i 


j?2 2 oc log (c/a) 2 


Table 5 gives the value of k corresponding to specific values 
of a and c. 


Table 5 



When the spacing is about 1 in there is little difference between 
the distribution in a thin, flat plate and that in a solid surface. 
The equations in the solid case have been given by Jeans. 8 The 
equation 
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case of the B curves, the current is adjusted so that the potential 
difference between the exploring electrodes is kept constant as 
the thickness under test is increased, the currents are propor¬ 
tional to the thickness up to thicknesses of f in. The distribu¬ 
tion of current is then the same as in thin plates with boundaries 
at a great distance from the electrodes. Above this thickness 
a greater proportion of the current is gathered under the line 
joining the electrodes; and the working potential-drop along that 
toe is reached with a relatively lower current. When the curves 
B reach a steady maximum value, as they may do when the 
electrode spacing is small or the potential applied is low, it means 
that the distribution of current between and around the elec¬ 
trodes is in effect the same as in a surface of infinite thickness. 
The resistance has then reached a steady value. 

The curves A give the potential drop when the current is set 
to have the same value in each case. The ordinates of the B 
curves, hyperbolas up to f in, are the inverse of those of the 
A curves. The number against each curve is the galvanometer 
deflection indicating the potential diff erence. 

(13) THE INFLUENCE OF WIDTH OF SPECIMEN 


x C X — c 
—--- = constant 

r l r 2 

with the notation of Fig. 1 gives the lines of force between oppo¬ 
sitely charged points in space. The distribution may be compared 
with that between charged lines as given in Sections 2.1 and 2.2. 

Measurements made on a series of mild-steel plates enable 
an estimate to be formed of the change of shape of the field as 
the thickness is increased. The results of such measurements 

are given in Fig. 13. The curves show that when, as in the 

• « 



* Thickness of plate, in. 

Fig, 13.—Results of measurements made on a series of mild- 
steel plates. 


In the application of the electrical method of measuring thick¬ 
ness it has frequently been found necessary to deal with surfaces 
which are bounded either by an edge parallel to the line of the 
electrodes or by ribs. In the latter case it is necessary to have 
for comparison a surface of known thickness and of the shape 
to be tested. Examples of the influence of edges have been 
given in the previous paper, 1 but some idea of the extent of the 
edge effect may be gathered from the simple case of a long strip 
With parallel edges, and with the electrodes placed on the median 
line. When the spacing 5 of the contacts is equal to or less than 
half the transverse breadth of the plate the flow between them 
is nearly the same as that in an infinitely wide surface. Taking 
as a close approximation to the transverse drop of potential, or 
of current density cr, the empirical expression a = aJ(l + x\ 
where * is the distance from the axis of contacts and <r 0 the 
current density on that line when the plate has a breadth greater 
than 2s, the effect of reducing the width (keeping the total current 

constant) is to raise the current density so that \adx is constant.. 


dx 

T+3P = na ° 

This is found to be, within a few per cent, the area of the curve 
on a specimen in which b = 2s. The area for any other breadth 
is given by b — 2a^ arc tan 6/2, where cty is the maximum current 
density along the axis. "When this area is to be constant 

0 , b 

arc tan — = m 0 

and c b == -o^arc tan - 

Table 6 


Taking 10 as an index figure for the breadth b =-2 s, this gives' 
the values shown in Table 6. * ' « 


b 

10 

9 

8 

. T. ' 

6 

5 

4 

3 

2 >[= 2aJ(iroj\ 

1 

1*1 

T25 

• ••• 

1 41 

1*66 

20 

2-5 

3-4 
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The value of D indicates the ratio in which the potential differ- axis the two half-sections in parallel are tapered. The resistance 
ence between the exploring points increases when the width of is then that of a half lune, from the thickest part to the edge. If 
the specimen is reduced. The maximum current density is the maximum thickness is 7 that at a distance jc ftpm the thin 
inversely proportional to the breadth. On the other hand, if end of a flat strip wedge, Fig. 14, is t =+Tx/a, where a is its 
the potential drop is kept constant the current necessary to 
produce it is represented by a straight line through the origin, 
corresponding near that point to.the effect of contacts made on 
the edge of a very thin strip of unit depth, such as a clock spring. 

The figures show how quickly a reduction in the width of the 
specimen below the value b = 2s begins to have effect, so that in 
practice measurements of thickness on narrow surfaces, whether 
free or bounded by ribs, can only be made by a comparison with 
similar surfaces of known thickness and of the same metal. 



(14) THE THICKNESS OF TUBES 

Curvature of surfaces such as those of tubes has little influence 
on the thickness measurements when, as in this method, the 
current is unidirectional. Interesting effects are found when the 
current is alternating, of which an account will be given else¬ 
where. Trial has shown that when the spacing of the current 
contacts along the surface of a tube of any metal parallel to its 
axis is not greater than 1*5 diameters the thickness measured 
in this way is very nearly the same as on a flat plate of the same 
metal and thickness. This has been found to hold for duralumin 
tubes 3 in diameter and in thick and for thinner steel tubes 
from 1 in to 4 in diameter. It would appear that the spread of 
the current is so little affected by the paths on either side of the 
contacts line meeting at the back of the tube that the potential 
drop is the same as that in a plate, within the limits of observa¬ 
tion. A tube can in general be regarded as a flat strip the 
breadth of which is tt times the mean diameter of the tube. 

When the section is excentric it is equivalent to a plate taper¬ 
ing from the contact line towards thin parallel edges. A method 
of dealing with excentric sections has been given in the previous 
paper. 9 It has been found that internal erosion by the flow 
of heated liquids has had the effect of thinning a tube so that the 
inner and outer boundaries are still circular. 10 In such a case 
the resistance between contacts parallel to the centre line of the 
tube depends on their orientation. If they are placed on the 
thickest part of the section the resistance is greater than it would 
have been if the section had had that uniform thickness. When 
the contacts are placed on the thinnest part of the tube, of paper 
thickness, the resistance is less than it would have been on a con¬ 
centric tube of the same (paper) thickness. The result is that 
while the calibration line connecting the testing current for a 
given deflection or p.d. is with concentric tubes a straight line 
which passes through the origin, that with excentric tubes no 
longer does so. 

If r 0 is the radius of the outside surface and r t that of the inner, 
and the maximum thickness is we have r 0 — r t =* t/ 2, and 

at any angle 6 from the max./min. axis t = ^(1.+ cos 0). This 

gives an eye-shaped area with sharp edges, not one of lenticular 
shape. Its area is 277r 0 * 0 /2, half the original area; and the axial 
resistance of the section as a whole is doubled. This is the 
extreme case, though burst tubes have been found to approach 
to it. ■ 



Fig. 14.—Tapering sections. 

length. The element of resistance dR = pdx(bt), and so 
R = = ^ taken to a distance x' from the in¬ 

finitely sharp edge at a . The gradient is given by 

4R pa i 

cr — I - = C— . _ r * 

* dx Tb x 

The fall of the voltage gradient is hyperbolic. r „ 

It has been necessary occasionally to use rolling contacts with 
sharp edges, such as those of pipe cutters, keyed to shafts, the 
resistance of which is not negligible. Here 

dR = %£-. where t = 

2777 ** a — r i 


The total resistance R = , 


2ttT I r(a — r) 


p(a - r,) 
2t tT 


tagp.izn) 

\r t a — r 2 s 


With a current flowing from the shaft to the contact surface at 
r 2 the total drop of potential is iR, and the gradient is given by 

_ de ^ ip(a — r x ) 1 

S ~~ dr 2 ttT * r(a — r) « 


When ' 

r l a —. r 2 . r 

the potential gradient is the same, //>/(27r J), at the inner and outer 
contacts and is least at the mean radius a/2. 


(16) THE SIX-POINT METHOD * 


(15) TAPERING SECTIONS 

The flow around a tube between contacts made at opposite 
ends of a diameter inay occasionally be used to detect thinning. 
The resistance of an uncorroded tube per unit axial length is 

~ r being the mean radius and t the thickness. When the 

section is excentric and the contacts are made on the max./min. 


The usual position of the potential points in the “fou? points 
in line* ’ method is a short distance within or without the current 
contacts. If now contact is made to the galvanometer from two 
other points in line with the first? the ratio of the new to the old 
deflections gives a measure of the thickness of the plate that is 
independent of the resistivity of the metal. This method has 
been found most useful in the measurement of large cast-iron 
cylinders and plates the composition of which is uncertain. The 
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electrical conductivity of cast iron varies with its composition 
much more than that of mild steel and, unless there is available 
a casting # of known composition and thickness on which com¬ 
parison readings qjay be made, the six-point method provides 
means of measurement the accuracy of which is shown in 
rig. 15. * 



. 0 0-2 04 0-6 0-8 1-0 12 14 

* * Thickness, in. 

Fig. 15.—Accuracy of the “six points in line” method. 

This “six points in line” method is based on the fact that the 
current density at a given point is, for the same total current, 
inversely pfoportional to the area of the current path; and si nce 
the conformation of this remains nearly the same for a wide 
range of thickness it is a function of the latter which depends 
mostly on the resistivity of the material. If this function does not 
change with the resistivity, the latter can be eliminated by taking 
p.d. readings at two additional points. The ratio of tVs * two 
sets of p.d. readings gives a measure of the thickness which, once 
established by measurements on plates of any material, can be 
applied to measure that of others. This ratio has been found 
to be the same for plates of mild steel, cast iron, nickel, copper 
hnd duralumin. The ratio is greater when the plates are thick, 
for the current density is not uniform over the section of a thick 
plate. The* current, and therefore the potential drop, along the 
surface is in effect shunted by the more remote parts of the metal. 
The curve of Fig. 15 is an example of the results obtained by this 
methdd on a set of carefully machined cast-iron plates and 
cylinders, the composition of which varied from 2-06 to 2-67 
per cent graphitic carbon, 0-49 to 0-88 combined carbon, 1-27 
to 1-88 silicon, 0-41 to 0-65 manganese, 0-44 to 1-35 phos¬ 
phorus, 0-1 to 0-12 sulphur. In this case the six contacts were 
spaced at e$ual distances apart in line. 

Th<? equation to the mean line of the Figure is 

Vo. - 

y <=q + bt + ct 2 , where a — 1-5, b = 0-225, c = 0-25. 

• 

. There are two possible ways of using the method. In one of 
them(Casel) the two outer contacts are used to carry the current, 
and then V 2 in Fig. 16(a) is the potential difference between the 
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Fig. 1<>. Diagrams illustrating the two ways of using the “six points 
in line” method. p 

contacts P t nearest to the electrodes, F, that between the inner 
contacts. Taking 2c as the spacing of the current contacts, and 
x as the distances of the potential contacts from the mid¬ 
position, 

Yl — Pi .Ai log (c + %)/(c - x 2 ) A, log 4 _ j, 

V, A 2 pi log(c + X y)/(c-Xy) A 2 'biT5~ 3 ' 4 A 2 

Hence 3-4. AJA 2 — a + bt + ct z , and is independent of the' 
resistivity. 

The ratio of the effective areas A 2 of the sections under 
the potential is in this arrangement a quadratic function of the 
thickness. The other way of using the method (Case 2) is as 
follows: When the two inner contacts carry the current, Fig. 16(b), 

*2 _ A l . log (?2 + c )/(*2 ~ g) 

V l A 2 log (Xj + c)/(x y - c) 

and here x x = 5c, x 2 = 3c, ^ = ^xl-7, in which case 

1-7Ai/A 2 = a + bt + ct 2 = 1-5 + 0-225?+ 0-251 2 . The areas 
are given by A = lirat, where a is the radius of the equipotential 
circle and t the thickness of the plate. Thus the ratio AJA, 
= aja 2 and . 

Oy _ cosech Vy _ sinh V 2 
a 2 cosech F 2 ~ sinh V x 

The curve of Fig. 15 cuts the vertical axis at a value of F 2 /F, 
of 1-5. Thus to determine the ratio a x fa 2 , for thin plates, 
values of sinh V 2 and sinh V t are found from tables, subject to 
the condition that F 2 /Fj = 1-5. For Case 1-, 

a x \a 2 — 1-5/3-4, when / = 0 , 

, sinh Vr> 

and w> =0-44 

sinh Vy 

From which •-fi = = 2-27 

a 2 2-25 

For Case 2, a x fa 2 = 1/(1 • 7 x 1 • 5), since the magnitudes of the 
potentials V 2 and F„ are reversed, the equipotential of smaller 
radius having the higher value of F. Here 


sinh F 2 
sinhFf 


= 0-88 and — = • 












Rhombus, R. 


p t h pf 

: - log —g = — 

a fly 2 ar 
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Referring to M, Fig. 16 , the centre, of the <vjpanU> ’• Sqnare teween comers, 
through P, and P 2 for Case 1 can now be found, for h -a +c . J? ~ ^ log — yx. g = — 

From the Figure, a x = h x — 0-2c, and 77 a * 

h\ = (A, - 0 • 2c) 2 + c 2 Rhombus, i? ~ ^ log ^ 2 = P ~ 

h x = 2-6c, measured from the mid-point O. 

_ ^ _ o-6c 10. Narrow lenticular element, from a to—a, 

S ° Li tu n./tsfl j- A / . , tan a/2 + tan a!l2\ 

} ' / = K a + COt “ 108 tan«/2- tan 

and « 2 =HjDc 

For Case 2, • ; 11 . Wide lenticular element, 

«i + *. = 5c, A^of + c* and h x — 2-6c < T _ (^flcosaj - p log {^) 

a 2 + h, = 3c, % = al+c? and A 2 = (5/3)c * ~ I L W J J 4«3 Voc-a^ 

The displacement of the centres of the equipotential circles ^ Circle along a diameter, R = ^ log - 
caused by the increased thickness of the plate can be found in 

this way by taking values of VJV\ from Fig. 15 for any value . 2p 1 2a 1 

of V, and proceeding as described above. 13. Ellipse along the major axis, R — — log 

(17) FORMULAE DERIVED OR QUOTED Ellipse along, the minor axis, R = ^ log 

1. Equation of lines of flow between line electrodes, 

*2 + ^-2cxcothF+c 2 = 0 14. Narrowlune, 

„ -« , * * * ri 4- ro , tan a / 2 + tan a / 2 

2. Equation of lines in a section of a three-dimensional field, R ^ p_L_2 . C ot a. log — , 2 _ 


10. Narrow lenticular element, from a' to — a', 

/ ’ tan a/2 + tan a'/2\ 

* = />(«' + cot«log tan a/2 — tan aT/l ) 

1 1. Wide lenticular element, 

i '=s?{ 1+2 [ 1 _ 


„ 2p. d 

12. Circle along a diameter, R = — i°g - 

• n 2p 2«2 

13. Ellipse along the major axis, R = — log 

. „ 2p, 2b 2 

Ellipse along, the minor axis, = — log — 

14. Narrow lune, 

r, + r, . tan a/2 + tan a'/2 

* = • c °t«■ lo g tan a/2 _ ta'n^/2 

15. Transverse current densities, 

tr = <T 0 /(1 + * 2 ), O’* - O- 0 ^/( arC tat1 ^) 

16. A tube with axial contacts presents the same problem as a 
plate with the width of the tube circumference. 

17. Flat wedge, R = ^ log a/x' 

18. Tapered disc, i? = log 
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x+ c x — c 


= constant 


3. Potential along lines in two-dimensional case. 


V = 1/log ^ + ^/Q 2 + lj = arc cosech r/c 

dV -1 

The gradient £ = _ = -=-—-=f 

{© +1 J 


4. Resistance between electrodes of radius a spaced a distance s 

j,_f iog(i) 3 
2 tit \aJ 

' 5. Resistance between hemispherical electrodes in a solid 
surface, R = ?-(- — where a is radius and c spacing. 

7 r \<2 CJ 

7T pi 

6. Circle in a uniform field, R = -^p, 8 ~2a 

7. Prolate ellipse in a uniform field, 

„ tt a __ pi jr _ pl a 
Rp 5=3 2 * Tf* r 2 ~ 2b’ Vmax b 


Oblate ellipse, 


R -”.L g=U v= p — 

■ K ° - 2 /’ 8 2 a’ a 


RjRo-JlP 

: : p , b pil a 

8. Concentric Cylinders, R = ^ log S - 

p, b pll" 
Sector of a cylinder, R = - log -. g = —J ^ 
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SUMMARY 

The problem of boiler plant availability in power stations has 
become So prominent that a better understanding is essential of the 
causes of the fouling of heating surfaces by deposits from the products 
of combustion. 

Earlier theories based on fused ash particles, sodium .sulphate bond 
or high dew-points have not satisfactorily accounted for various well- 
established facts of observation. The latter include the existence of a 
period of apparent immunity from deposits in a new boiler plant, the 
characteristic behaviour of the dust from pulverized fuel firing and 
the peculiar scale-like form of certain hard deposits occurring on 
economizer and boiler tubes. 

The authors, restricting their observations largely to economizers, 
have found that hard bonded deposits result from certain chemical 
reactions between flue dust and sulphuric acid. The type of reaction 
depends on the temperature of the metal parts associated with the 
deposits. 

A^clear understanding of the reactions involved in the formation 
of ttfese deposits indicates methods for removing them. 

The authors offer practical suggestions for the prevention of hard 
bonded scale formation in economizers. Various types of coal ash 
are discussed, and characteristics favouring bonded deposit formation 
are pointed out. The influence of the authors* proposals on plant 
design is considered. 


(1) INTRODUCTION 

In his Inaugural Address to The Institution in October, 1939, 
Sir Johnstone Wright drew attention to the influence of boiler 
availability on capital and operating costs. He said: “There is 
a wide gap between the average availability of turbo-alternators 
and boilers, and every effort should be made to ensure better 
boiler availability, and thus avoid capital locked up in the boiler 
ftouse lying idle for long periods of die year.” 

For many years users and plant manufacturers have been con¬ 
scious of the various aspects of the boiler availability problem, 

• but the progress made in solving it has on the whole been dis¬ 
appointing. Partial solutions of particular difficulties have 
occasionally been achieved, but the authors doubt whether it 
can be claimed that any one of the more serious general problems 
involved in “Keeping the boiler on the line” has been finally 
and •completely solved. This is more particularly true in the 
case of central power stations. 

One of the chief groups of “availability problems” is that 
which relates to deposits on the gas-swept surfaces of economizers 
and air-heaters. 

A sufficient accumulation of such deposits will lower the steam 
outjmt of the whole unit until it is necessary to shut down Tor 
cleaning. 

The deposit not only reduces heat transference in an important 
auxiliary; it causes such an increase in draught loss that the fan 
equipment cannot cope with it. 

• The load yhich the boiler can carry falls off rapidly, and a 
point is reached when the unit has to be cleaned down to enable 
it to function again at its full output and efficiency. 

* E. Green and Son, Ltd. 

: [ ' 


In most industrial plants using boilers of the Lancashire type, 
the economizer deposits are a conglomeration of soot, ash and 
grit, impregnated with dilute sulphuric acid. Such deposits are 
generally loose, and if the feed inlet temperature is high enough 
to avoid moisture condensation on the economizer tubes it is 
easily removed. In the experience of many years the authors 
have never encountered a true, hard, bonded deposit in the normal 
Lancashire boiler-cum-economizer steam plant. As a general 
rule in such plants, the economizer deposit problem, where it 
exists at all, is adequately solved by the familiar mechanical 
scraping equipment. 

There are cases where the deposit contains a proportion of 
tarry matter. Where this constituent is in excess, the scrapers 
may fail to function properly, and the solution to the problem 
then lies in attending to the combustion conditions. 

With water-tube boilers in industrial, as distinct from power 
station, practice, much the same applies. The deposits are dry, 
loose and often powdery. Mechanical scrapers on vertical- 
economizer tubes give results which are usually completely satis¬ 
factory. The introduction of the “extended surface” or gilled- 
tube economizer posed the problem afresh. No simple form of 
mechanical scraper could be devised for cleaning a gilled tube, 
and the soot blower, using steam, compressed air and sometimes 
water, was employed to effect intermittent removal of deposits. 

The results were various in the extreme. In many cases the 
combination of gilled tube and soot blower was very satisfactory: \ 
in others the performance was far from good. Various types of 
blowers were applied to what had become fairly standard forms 
and arrangements of gilled tubes, and again the results varied. 

There was much success, but there always remained a residuum 
of “difficult cases.” In some of these the troubles were traced 
to poor combustion; in others cold feed was the cause. Ulti¬ 
mately greater emphasis came to be placed, first on economizer 
arrangement, and secondly on tube form. It was found that 
certain systems of arrangement—in particular that of dividing an 
economizer into shallow tiers or banks—had pronounced ad¬ 
vantages, in that theheating surface related to a particular blower 
could be kept within the effective range of the latter, and in that 
case of access for inspection and maintenance work was increased. 

It was found, or at any rate claimed, that certain tube forms 
collected less dust than others. It is in this direction that the 
greatest progress has probably been made. Although the last 
word in matters of.tube form and economizer arrangement has 
by no means been said, the gilled economizer designs which have 
been developed in the last four or five years provide a reasonably 
satisfactory answer to the deposit problem under “industrial” * 
conditions. 

(1.1) Bonded Deposits 

It is well known that the type of deposit which gives most 
trouble, whether in boilers, economizers or air-heaters, is the 
hard, scale-like, bonded substance on which soot blowers of 
whatever type have little effect. % 

It is to this kind of deposit, occurring mostly in power station ' 
plants, that the authors have in the past few years directed their * 
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attention, and in connection with which they now offer their 
conclusions. 

These constitute a complete theory of the formation of bonded 
deposits on economizers under “power-station” conditions. 
Although there is still much work to be done* on many issues 
which have been raised during the course of the investigations, 
the authors believe that the present findings indicate methods of 
achieving a pronounced increase in boiler availability. 

They have in recent years, as a part of their normal duties, 
investigated many specific cases of deposit difficulties, and have 
been able to collect many samples of deposit. It was not, how¬ 
ever, until they felt that their collection was sufficiently repre¬ 
sentative, that they were able to make a systematic attack on 
the problem. 

(1.2) Existing Theories 

The first task was to review the work already done by other 
investigators on this subject of bonded deposits, and to judge 
their theories by some criteria based on the authors’ own 
experience. 

There are three principal groups of theories, which may be 
classified in the following way:—- 

(a) The “Fused Ash” Theory. 

This theory holds that the coal ash, in the form of flying 
incandescent plastic particles, impinges on the surfaces of 
economizer tubes, provides a temporarily “sticky” base for the 
adherence of dust and grit, and forms the “bond” which quickly 
solidifies and hardens. 

{b) The “Sodium Salt” Theory. 

Coal ash contains sodium salts, which combine with the sul¬ 
phuric acid in the gases and form sodium sulphate. This com¬ 
paratively infusible salt “condenses” on the economizer tubes 
and forms, with the grit, dust and ash, the hard-bonded scale. 

(c) The “Dew-point” Theory. 

If an economizer tube surface is below the “dew-point” of the 
gases, moisture will condense and will trap and hold small dust 
particles. If the gases contain sufficient sulphur trioxide, “dew¬ 
points” may occur at high temperatures. 

(1.3) The Test Criteria 

There are certain well-established facts of observation which 
any completely satisfying theory must adequately explain. The 
authors distinguish three such facts, and apply them as criteria 
to the existing theories. ~ 

“A.” Period of Immunity. 

It is known that an economizer will frequently work for a 
period of 6-12 months, and even longer, and will apparently 
keep perfectly clean. Then a thin, hard scale of no more than 
eggshell thickness appears. Thereafter the growth of deposit 
becomes rapid. Whatever the tube form or economizer arrange- 
ment, and whatever the soot-blowing system, the accumulation 
of bonded deposit appears inevitable and proceeds with accelera¬ 
tion. 

“B.” Bonded Deposits associated with Stoker Firing. 

. It is. known that hard, bonded scales occur only on economizers 
installed with stoker-fired boilers. In none of the numerous 
pulverized-coal-fired plants examined has a true bonded deposit 
been encountered. 

. “C.” Overlapping Stalagmitic Scale Formation ; 

' ~ The r0u Sk overkppipg'scale Structure, growing in the direction 


opposed to the gas flow, is a definite characteristic of bonded 
scale. 

In the opinion of the authors, none of the three principal 
groups of theories satisfactorily explains these three observed 
facts. 

(1.4) The “Fused Ash” Theory 

Coal ash fuses at approximately 2 000? F. Such “fly ash,” 
while still ip the incandescent state, may reasonably be expected 
to accumulate, solidify and bond on surfaces very close to the 
combustion chamber. This simple building-up is probably a 
cause of “bird-nesting,” and produces a structure which is <v>lini ar 
in character, and more or less of the “cinders and clinker” type. 
But this is not the kind of deposit which forms on the economizer 
tubes. Applying the three criteria, the following results emerge: 

“A.” If the “fused ash’ ’ theory held, growth on the economizer 
would be gradual and continuous from the time the plant went 
into commission. There would be no lengthy period of im¬ 
munity. 

“B.” As most of the ash in pulverized-coal-fired plants passes 
forward through the boiler, and as incandescent particles are the 
very essence of the combustion process, it would be reasonable 
to expect economizer deposits to build up very quickly in such 
plants. It is, however, well known that, though the ash particles 
are in abundance, bonded deposits in pulverized-coal-fired plants 
are practically non-existent. 

“C.” The stalagmite scales of a bonded deposit face the gas 
flow, and form excellent cavity traps for fused or partially fused 
particles. On the “fused ash’ ’ theory one would expect that this 
fact would prevent rather than cause stalagmitic growth. The 
deposit ought to be a fairly uniform agglomeration of flattened 
particles similar in structure to those obtained in the metal¬ 
spraying processes. The particles have not, in fact, these 
characteristics. 

The “fused ash” theory was put forward by Johnstone* in 
America in 1931. He explained that fused iron sulphide (which, 
incidentally, melts at 2133° F) was the cause of scaling. John¬ 
stone made,this suggestion in spite of the fact that he never 
recorded more than 0-148 % of sulphide sulphur in fly ash. 

The theory was supported by Prantnerf as late as 1939, in 
connection with the problem of deposit removal. 

Tlieir examination of the “fused ash” theory led the authors 
to investigate not only the deposits on economizer tubes but also 
those accumulations which occurred on surfaces near to, but 
not part of, the economizer. It was observed that whilst the 
deposit on the‘economizer surface would be a bonded, scale, 
that on the neighbouring casing ledges, on support plates and * 
steelwork, on soot-blower parts and on firebrick linings, was 
almost invariably a loose dust and never bonded. ' 

In the examination of these dusts they were r graded in the 
usual way and then subjected to air elutriatioa tests. It was 
found that two different air velocities were required for the com¬ 
plete removal of the particles from each sieve. This was an 
unexpected and rather surprising result, but the authors consider 
that it may have an important,significance in boiler and econo¬ 
mizer design. 

The first separation, at lower air velocity, carried forward the 
irregularly shaped particles (Fig. 1) and left behind a quantity of 
particles which were almost completely spherical (Fig. 2). 

Round or spheroidal particles have always been associated 
with the dust from pulverized-coal firing, but these differ from 
the spheroids from stoker firing in that the latter are solid, 
whilst the former are hollow. Specific gravity tests malm this * 

No?‘4lf W<!r Plan * E < luipment H®* Gases.” University of Illinois 
** heating surface Reduction 
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Fig. 1.—Flue dust. Irregular grains. 60meshx25. 



Fig. 2.—Flue dust. Round grains. 60 mesh X 25. 


inference clear. The figures are averages of a number of 
amples:— 

Dust from pulverized fuel.. f ?245 

Dust from stoker firing (round) .. *. 2*356 

# Qust from stoker firing (irregular) .. .. 1-900 

It is imagined that the irregular particles would escape from 
le grate in ^comparatively cool condition. The spheroids, on 
le other hand, are probably burning particles carried forward 
i the gas stream, # the heat of combustion fusing the associated 
sh, and surface tension producing the spheroidal shape. 

The important point in relation to the “fused ash” theory is 
lis: since the rounded particles are spheroids, they must have 
fiidified before they reached the surface from which they were 
ollected. They must, therefore, have lost any plastic and 
sticky” properties whilst still in the gas stream. 

On heating these spheroids, they were found to be quite solid 
id hard at 1 800° F. The authors therefore felt bound to reject 
ie “fused ash” theory, and inclined to the view that though 
mded scales must be formed from loose dust, the bonding 
kes place at some time after the deposition on metal surfaces. 

(1.5) a The Sodium Salt” Theory 

When careful examination is made of the work of investigators 
ho have given special attention to deposit formation, remarkable 


variations are encountered. Paul,* in 1919, gave a number of 
analyses of external deposits. He included such figures as 
65*10% and 84*32% of sodium sulphate. On the other hand 
Johnstone,f in 1931 also gave numerous analyses, but he does 
not include figures for sodium salts. In a note, he states that 
in general these were not determined, but could be taken as being 
equivalent to approximately 2 % to 7 % Na 2 0. 

Johnstone was a careful experimenter; his research was a 
valuable contribution and in many ways must be regarded as a 
standard work on the subject. The care with which data were 
collected, analysed and presented, and the analytical ability dis¬ 
played in the research, compel us to the conclusion that had 
there been any large quantity of sodium salts in the various 
deposits they would have been noted and recorded in the analyses. 
That the discrepancy cannot be due to a peculiarity of American 
coals is evidenced by the report of other workers who have 
claimed to find large quantities of sodium compounds in coal ash. 

Later waters have tended to follow Paul rather than Johnstone. 
Since Paul published his results, many textbooks and papers 
appearing in this country have accepted his theory that sodium 
salts are the foundation and basis of bonded deposits, and this 
theory is accordingly examined by applying the three criteria. 

The authors have investigated many economizer deposits. 
The analysis for sodium is difficult, and quantitative estimation 
is long and tedious. The results confirm the view taken by 
Johnstone. The majority of deposits contained only 1 to 2% of 
sodium sulphate. There was one special case where the coal 
burnt had been collected from the seashore. The coal sample * 
contained 1T 5 % of sodium chloride, and the economizer deposit 
38 % of sodium chloride. The total sulphur in the deposit, how¬ 
ever, was only 1-18%, so that even this special case could hardly 
be taken to confirm the results of Paul and the workers who 
follow him. The authors’ results and other published evidence 
show that many deposits undoubtedly contain little sodium 
sulphate. On the other hand, there may be deposits, especially 
those occurring on boiler and superheater tubes, which contain 
a higher proportion. 

Applying the criteria:-— ‘ 

“A.” The “sodium salt” theory offers no explanation of the . 
period of immunity. Deposits should build up, at a regular rate,' 
from the start. 

B.” The “sodium salt” theory does not explain why the dust 
from pulverized-coal firing does not form bonded deposits. 

“C.” The theory does not explain the stalagmitic structure of 
the deposits. 

The authors accordingly felt compelled to reject the “sodium 
salt” theory as applied to economizers. 

(1.6) Dew-point Theories 

Examination of a large number of power station economizers 
under operating conditions, after various periods of service, 
revealed that if a surface—metallic or non-metallic—is at all 
times approximately at the same temperature as the local gas 
stream, the deposits which collect are not hard, do not bond,* 
and may easily be removed by direct blowing with steam jets. 

Thus, a steel supporting bar will hold loose dust only, whilst 
the adjacent* economizer tubes will collect a bonded deposit. , 
Such portions of the soot-blowing equipment as obey this 
temperature rule remain immune from bonded deposits. Other 
portions, cooled by a constant air-infiltration, have been found 
to collect a hard scale similar to that on the economizer tubes 
(Fig.a). 

It is not surprising, therefore, that such phenomena should 
have directed die thoughts of investigators to. the subject of A 

* “Boiler Chemistry and Feed Water Supplies,” pp. 205^206. 

t Loc. cit. t 1931, 28, pp. 49, 50. .* • . 
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The sulphate sulphur was not wholly converted to the trioxide 
The actual trioxide percentage of the total possible trioxide was 
given as : A, 41 %; B, 43%. 

British coals, taken by and large, have an average sulphur 
content of about 1 %. It is worthy of note that remarkably little 
information is available regarding the amount of sulphate sulphur 
present in our own coals. 

The conclusion drawn from the above is that the flue gases 
contain very little sulphur trioxide, and that most of the sulphur 
is present as the dioxide. Small as this trace of trioxide appears 
to be, its presence, as will be shown later, is of the greatest 
importance. 

Again the theory is examined in the light of the three criteria:— 


Fig. 3.—Portion of hard scale (X 1-J-) from an economizer tube, viewed 
from above. The direction of gas flow was from left to right. 

dew-points. It has long been known that where economizers 
are fed with water at low temperatures—below 100° F—moisture 
from the flue gases condenses on the tubes containing the coldest 
water, leading to a more or less rapid direct attack on the tube 
metal by the sulphur acids thus formed. 

Much helpful work has been done on this subject, more 
especially on the elevation of the dew-point in relation to the 
sulphur compounds in the flue gases. Johnstone,* in America, 
and Taylor,f in England, have made important contributions, 
and have shown that dew-points of flue gases can vary up to 
400° F and higher, depending on the concentration of sulphur 
trioxide and moisture present. 

Sulphur trioxide has a marked influence on the dew-point. 
Taylor showed that with 5 * 1 % water vapour the dew-point is 
92° F, but if only 0*2% of H 2 SQ 4 is introduced into the gases 
the dew-point is raised to 405° F. 

Consideration of these facts, in relation to the “dew-point” 
theory, raised the question: If bonded deposits occur on econo¬ 
mizer tubes containing water between 250° F and 400° F, do 
the gases always contain sufficient sulphur trioxide for this 


“A.” The “dew-point” theory does not explain the long period 
of immunity and the subsequent rapid acceleration of deposit 
accumulation. Here again, on this theory, deposits should form 
from the outset, and, as the surface temperature rises with 
thickening layers of deposit, the rate of condensation of trioxide 
should diminish and presumably the rate of deposit accumulation 
should become less. Observed facts do not confirm this. 

“B.” The “dew-point” theory does not fully explain the com¬ 
parative immunity of pulverized-coal-fired plants from bonded 
deposits. 

“C.” The “dew-point” theory does not appear to offer any 
explanation of stalagmitic growth. Indeed, as has been said 
above, the higher temperature of the scale surface should, on 
this theory, tend to retard condensation. Observation shows that 
the stalagmitic structure is related to an acceleration in the 
deposition process. 

The authors are compelled to reject the theory on the grounds 
that it does not satisfactorily explain the facts. There will, how¬ 
ever, be occasion to refer to certain important aspects’of dew¬ 
point phenomena, and the authors acknowledge their indebted¬ 
ness to the work of Johnstone and Taylor in this connection. 

(2) THE PRESENT INVESTIGATION 


temperature range to be below the dew-point? It will be clear that although earlier research has brought out 

The authors imagine the answer to this question to be in the many interesting and useful points, the actual processes involved 
negative. The amount of sulphur trioxide in boiler flue gases is in the formation of hard bonded scale have not yet been ex- 
very small indeed. plained in a satisfying manner. The authors therefore turned 


(1.7) Provenance of the Sulphur Compounds 

Johnstonef suggests that most of the sulphur trioxide in the 
gases might come from sulphates in the coal. He gives the 
following example of two coals:-— 


Total sulphur .. . . 

2*26% 

4*24% 

sulphur occurs asfoflows 



Sulphate sulphur . .1 ‘ 

0*08 

0*26 

Pyrites sulphur .... .. 

1*76 

1*40 

Organic sulphur .. ,. 

0*42 

2*58 


Pyrites and organic sulphur form sulphur dioxide. The sul¬ 
phate sulphur forms some trioxide, but reducing agents probably 
convert a portion of this to the dioxide. Calcium sulphate in 
coal ash, for example, decomposes slightly at 400° C and com¬ 
pletely above 960° C.§ At 870° C it begins to react with silica, 
and forms some sulphur trioxide, Similarly, iron sulphate in 
ash begins to decompose at 400° C.|| 

I* 1 two examples given by Johnstone, the gas analyses 
showed the following percentages (by volume) :— 


Sulphur dioxide . .. .. 0*133 0*357 

Sulphur trioxide .. . . 0*002 0*010 

loc. ci^fl 9 ^ 27 ^N^ e i 3 Qd f0r Determination of the Dew Point of Hue Gases, 3 

Point and the Concentration of Sulphuric Acid in Flu 
Gases,” Journal of the Institute of fuel, 1942,16, p. 25. 

$■ - 
jj TextbooX of Inorganic Chemistry” (4th ed., 1933) 

, ii H. F. Johnstone? 16c: cit., 1929, i7. No. 13. ^ 


to a renewed examination of the very large number of bonded- 
deposit samples they had collected, and began by ascertaining 
what characteristics, if any, were common to all. 

In what has gone before, a distinction has been implied 
between “industrial” and “power station” conditions, and it ff&y 
be as well to inquire at this point in what important respect these 
conditions differ, since, as has already been said, bonded deposits 
on economizers appear to form exclusively under what have been 
termed “power station” conditions. 

From the economizer standpoint there emerge two distin¬ 
guishing characteristics, of which one seems to be more important 
than the other. 

The first is the water temperature range. In industry this 
range in economizers lies almost entirely between the tempera¬ 
tures of 100° F and 350° F. In power stations, more particularly 
in recent years, the range is much higher. A power station 
economizer is seldom fed with water below 250° JP; inlet feed 
temperatures in excess of 400° F are not unknown. Thj* outlet 
feed temperature is often above 450° F. Power stations, there¬ 
fore, are usually concerned with a range between 250° F and 
450° F. 

The reasons for this difference in practice are well known and 
need not be discussed here. 

The second point is that combustion is perhSps a little moire 
complete in a power station plaqt than in an industrial plant. 
The percentage of combustible in the deposit from a power 
station economizer is usually negligible. Where a deposit accu-r 
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mulates in an industrial economizer, a fairly high percentage of 
combustible matter*is often present in the deposit. 

It v\#ll, df course, be well understood that this approximate 
classification is not*clear-cut. There are “industrial” plants 
whose steam and generating equipment is to all intents and pur-* 
poses that of a power station. There are smaller “power 
stations” which partake of the characteristics of industrial plant. 
For the purpose of the discussion which follows, the classification 
will not be misunderstood. 

(2.1) Deposit Examination 

Two facts emerged at an early stage in the investigation:— 

(a) Coal ash consists mainly of compounds of silica, alumina, 
iron oxide, lime and magnesia in various proportions. 

(b) The authors found that sulphuric acid, and alumina in 
some form or other, were constituents common to all deposits; 
they found also that aluminium sulphate is a constituent common 
to all hard bonded deposits formed on economizers in the “power 
station” range, i.e. containing feed water between 250° F and 
450° F. Hard bonded deposits from economizer tubes have 
been analysed, and also the loose dust deposits from nearby 
ledges. The results given in the Table are typical. 


Table 



Station X 

Station Y 


Hard 

Loose 

Hard 

Loose 

' • 

deposit 

dust 

deposit 

dust 

Moisture 

210 

0*09 

2*35 

1*22 

Ash. 

Tnsoluftle in water .. 

82*80 

57*50 

68*60 

78*90 

82*18 

98*00 

58*54 

82*89 

Soluble in water 

17*82 

2*00 

41*46 

17*11 

Total S as H 2 SQ 4 .. 

8*42 

0*84 

38*98 

13*82 

I Soluble Portion 



Ferric sulphate 

0*28 

Nil 

3*50 

5*65 

Aluminium sulphate 

8*36 

Nil 

12 00 

0*0 

Calcium sulphate .. 

1*70 

0*73 

2*99 

4*74 

Sulphuric acid .. 

5*88 

Nil 

21*60 

5*44 

Note .— Aluminium sulphate was hydrated in Station X 

analyses and dehydrated in Station Y analyses. 


I Insoluble Portion 



Iron oxide .. 

0*64 

0*04 

15*26 

10*74 

Aluminium oxide .. 

37*97 

17*88 

13*45 

30-36 

Silica.. .. .. 

16*40 

17*44 

12*95 

28*90 

Calcium sulphate .. 

Nil 

0*44 

Nil 

5*76 

Calcium oxide 

_ft_:_ 

Nil 

2*12 

Nil 

Nil 

Water Temperatures 

i 


• Station X 


Station Y 


Inlet 275° F; outlet 356 

°F. 

Inlet 320 c 

F; outlet 392° F. 


. • \; 

These figures are significant. It will be seen that the total 
sulphur in the hard deposit is much greater than that in the loose 
dust. It will also be observed that even though the loose dust 
may contain an appreciable amount of sulphur, it shows no 
tendency toi cake or bond. The dust must clearly lack some 
essential factor which is in some way associated with the 
economizer tube. 

The nature of the metal does not explain the difference. Cast- 
iron gilled sleeves on economizer tubes will collect a hard 
deposit, whilst adjacent steel sootblower tubes do not. Bare 
Steel economi^gr tubes will also accumulate a bonded scale; 
adjacent cast-iron supports do not. 

Observations at a number of installations shows that the hard 
deposit forms only if: 

Vol. 91, Part II. 


(a) The surface on which the deposit settles is metallic. 

(b) The surface on which the deposit settles is always at a 
temperature lower than that of the dust-laden gases which pass 
over it. 

Item (b) has led many investigators to the conclusion that 
deposit formation is therefore a dew-point phenomenon. Dew¬ 
point alone , however, cannot be the explanation, since bonded 
deposits form when the metal surfaces are at a temperature 
much above the gas dew-point, in spite of the sulphur trioxide 
content. 

(2.2) The Bond 

The next step was to consider the various analyses to discover 
the cementing agent or bond. The constituent which occurs in 
quantity in all hard deposits is aluminium sulphate. The 
characteristics of this substance, in the pure state, were therefore 
examined. A number of interesting features were observed. 

When aluminium sulphate is quickly heated to above 420° F 
it swells up and passes through a stage which can best be described 
as highly glutinous. It finally becomes a hard, dry salt. The 
swelling stage occurs during the loss of combined water, the 
final product being the dehydrated aluminium sulphate. On 
further heating to above 1400° F, the sulphate decomposes, 
loses its sulphur trioxide, and is converted back into aluminium 
oxide. 

It was realized that if the formation of hydrated aluminium 
sulphate [A1 2 (S0 4 ) 3 .18H 2 OJ took place in a deposit, and if at 
some subsequent stage it was thrown out of solution in an 
atmosphere above 420° F, it would immediately pass through the 
“glutinous” condition and present a surface to which further 
dust could and would adhere, and finally result in a bonded 
deposit having the familiar characteristics. 

These considerations appeared to indicate a promising line of 
research, more especially as the reactions involved in the forma¬ 
tion of aluminium sulphate in the deposits seem to have received 
little attention. 

Johnstone says:* “a large part of the sulphur present in the 
deposits exists as iron and aluminium sulphate. These are un¬ 
doubtedly formed from the fly ash itself, and are not the result 
of any action of sulphuric acid on the ash.” 

The authors find this statement unsatisfactory. Most authori¬ 
ties agree that in the coal ash the aluminium occurs as alu¬ 
minium silicate. To form the sulphate, the necessary sulphate 
radical must be added by the direct action of either sulphur 
trioxide or sulphuric acid. But the gases contain very little 
trioxide, and any such reaction occurring during the passage of 
the dust from the combustion chamber to the economizer must 
be very limited. 

If, however, the minute particles of alumina were to lodge on 
the tubes bearing an external film of hot sulphuric acid, the con¬ 
ditions would be propitious for the formation of aluminium sul¬ 
phate; time and opportunity would be favourable. 

In explanation of the little attention which has been given to 
this aspect of deposit constitution, it is suggested that there 
seems to be some uncertainty about the solubility of alumina or 
aluminium silicate in sulphuric acid. Most chemistry textbooks 
state that A1 2 0 3 .3H 2 0 is soluble in sulphuric acid; that 
A1 2 O s . 2H 2 0 is fairly soluble; and that A1 2 0 3 is comparatively 
insoluble. It is also suggested that when A1 2 0 3 is heated above 
800° C a change in allotropic form takes place, the specific 
gravity increases, and the alumina becomes totally insoluble. 
Bearing in mind that fly ash comes from a high-temperature zone 
in the boiler furnace, it is not surprising, if the textbiook state¬ 
ments are accepted without further inquiry, that the possibility 
of the existence of soluble alumina compounds in fly ash has nofr 
received much attention. 

* toe. ciL, 1931, 28*, p. 5Z* , - 
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Partington* gives the following:— 

A1 2 0 3 .3H 2 0 heated to 80° C becomes A1 2 0 3 .2H 2 0, 

A1 2 0 3 .2H 2 0 heated to 235° C becomes A1 2 0 3 . H 2 0. 

A1 2 0 3 . H 2 0 heated to dull redness becomes A1 2 0 3 . 

Specific gravity after heating to 600° C becomes 2- 8. 

Specific gravity after heating to 1 200° C becomes 3 * 9. 

The allotropic change-point, beyond which the oxide becomes 
insoluble, is given as 850° C. 

The expression “totally insoluble” has, in the authors’ opinion, 
been misleading. No substance is absolutely “insoluble.” The 
expression “insoluble” usually means that the amount of dis¬ 
solved solid is, for all practical purposes, negligible. 

(2.3) Solubility of Alumina 

Since the dust on and near economizer surfaces is known to 
contain alumina in some form of chemical combination, the re¬ 
actions of alumina with sulphuric acid of various concentrations 
and at various temperatures were examined. As the authors 
suspected that the rate of attack was associated with the strength 
of the acid, solubility tests were carried out on pure alumina of 
specific gravity 3*47. The results are shown in Fig. 4. 



Fig. 4.—Attack of boiling sulphuric acid on alumina. 


Specific gravity of alumina = 3*47. 

Volume of acid =? 100 cm3 
Weight of alumina = 1-0 gramme. 

Time of each reaction = 20 min. 

In each test 1 gramme of alumina was attacked by 100 cm 3 of 
boiling sulphuric acid, the controlled variable being the acid 
concentration. The amount of unattacked alumina was esti¬ 
mated after each test of 20 minutes’duration. 

It will be seen that at lower concentrations the alumina is only 
slightly attacked. After 70% concentration an acceleration 
takes place, rising to a maximum at 90 %. Thereafter follows a 
sharp ‘diminution in the rate of attack with pure acid of T 84 
specific gravity. . 

These tests were not, however, confined to the action of sul¬ 
phuric acid on pure alumina ; it was realized that alumina does 
not exist in the pure state in coal ash. Similar tests were carried 
out on flue dust of various kinds. All the results demonstrated 
that the curve for pure alumina, Fig. 4, was typical whether the 
alumina was pure or in certain combined states. In this con-? 
neetion it should be added that further information is required 
x>n the actual condition of the alumina in coal ash, when sub-^ 
jected to the various temperatures occurring in a boiler plant. 

■ . e \ ’ . - * Zflc. ctt., p. 878. v . 


From all these considerations and experjments the authors 
conclude:— 

(a) That the solubility of the aluminium compounds contained 
in flue dust depends on the temperature to "which the substances 
have been heated before they come into contact with sulphuric 
acid. 

(b) That the rate of attack increases as the temperature and 

strength of the acid increase, up to a concentration of 90%. . 

* (2.4) Solubility of Aluminium Sulphate 

The next matter calling for investigation was the solubility of 
aluminium sulphate in sulphuric acid, and appropriate tests were 
made. Fig. 5 shows the results. As the acid increases in 


267 334 401 502 64I*F. 



PERCENTAGE BY WEIGHT OF SULPHURIC ACID IN WATER 

Fig. 5.—Solubility curve of pure AI 2 (S0 4 ) 3 .18H 2 0 in boiling 
sulphuric acid of various concentrations. 

strength the solubility decreases, or, in other words, the amount 
of aluminium sulphate which can be held in solution becomes 
less. Thus, if the acid concentration of a saturated solution of 
aluminium sulphate in sulphuric acid is increased, some alu¬ 
minium sulphate will be thrown out. It will be shown later 
how this consideration of the solubility of alumina compounds 
not only contributes to the explanation of the behaviour of dust 
from pulverized-fuel firing, but may prove of value in devising 
methods for the prevention of deposits from stoker-fired plants. 

(2.5) Occurrence of Sulphuric Acid on Economizer Surfaces 

If the theory which is being developed is to fit the facts, and 
since the action of dilute sulphuric acid on alumina is negligible 
even over long periods, it must now be shown how tlfe conditions 
necessary for the formation of strong sulphuric acid on econo¬ 
mizer tubes may arise. „ 

It is known that when an economizer first goes into commission 
it may have a long period of immunity from bonded-deposit 
accumulation. This is ascribed to the absence of any sulphuric 
acid films on the tubes; such a film must exist before the growth 
of deposits can commence. ^ 

The only direct source of sulphuric acid is the sulphur tpoxide 
in the gases. The necessary moisture can be deposited only 
when the tubes are at a temperature below the dew-point of the 
gases. It is appreciated that the latter conditions should apply 
but rarely in the case of power station economizers, but it may 
be that in some instances, where a plant has been started up with 
col# i water,: ^ immunity from bonded 

deposits • ^ sacrificed in ajshorttime. This point will 
receive fuller attention later. 
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In general, however, it is true to say that power station econo¬ 
mizers work with* water temperatures well above the moisture 
dew-points of the gases. ’ 

The authors imagine, therefore, that the process is on the 
following lines: During the period of immunity the economizer 
tubes are gradually directly attacked by the gases containing 
small amounts of sulphur trioxide and water vapour. Ferrous 
sulphate is formed, and this oxidizes to ferric sulphate. During 
this comparatively long period, however, the surface .of these 
tubfcs appears to be perfectly clean, since the ferric sulphate is 
present only in minute quantities. # 

Ferric sulphate, however, is not only deliquescent but is a 
powerful catalytic agent capable of converting sulphur dioxide 
into sulphur trioxide. This fact was known and recorded many 
years ago.* Thus once a small deposit of ferric sulphate has 
been formed, the local “manufacture” of more sulphuric acid 
from the relatively plentiful supply of sulphur dioxide and 
moisture can proceed at an accelerated rate. 

There is, therefore, after a long period of what has been 
termed “immunity,” a thin film of sulphuric acid on the econo¬ 
mizer tubes. This film collects a minute covering of flue dust or 
fly ash. If the acid concentration is sufficiently high, the dust 
may be attacked, aluminium sulphate formed, and the particles 
may be cemented together sufficiently to prevent their being 
dislodged by soot-blower action. 

The question here is clearly one of requisite acid concentration. 
The strength of the sulphuric acid appears to be directly related 
to the temperature of the metal of the tubes. It is known that 
sulphuric acid is formed by the catalytic process already men¬ 
tioned, the constituents available being the sulphur dioxide and 
the water vapour in the gases. It is known that the boiling point 
of sulphuric acid rises with the concentration (Fig. 6), and that 
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Ffe. 6.—Boiling point of sulphuric acid of various concentra¬ 
tions (after Lunge). 

to each concentration there is a definite temperature at which 
the add on the tube is in equilibrium with the sulphuric acid 
vapour. It should be noted that even an acid of 80 % concentra¬ 
tion (by weight) has quite a low vapour pressure, and this is 
depressed still further in the presence on the tube of acid-soluble 
compounds. 

At any given temperature, therefore, there must be a definite 
acid concentration on the tubes. Were the acid at a given 
temperature more dilute than shown by Fig. 6, water vapour 
? would be evolved because the temperature would be higher than 
that corresponding to the boiling point of the dilute acid. Con- 

V * H. F. ; Johnstone: loc. c//., 1931,*28, p. 45. 


versely, a stronger acid would pick up moisture from the gases 
until equilibrium was reached. ' 

Thus at any given point in the economizer where acid “manu¬ 
facture” is taking place, the strength of the acid will depend 
only on the temperature conditions prevailing on the metal sur¬ 
face or in the deposit. The specific quantity of acid at any par¬ 
ticular place will depend on the rate at which the “manu¬ 
facturing” reactions are taking place, and on the character of 
the gaseous constituents in contact with the actual metal. It 
should here be noted that a deposit does not prevent the gases 
from making contact with the tube metal; examination shows that 
even bonded deposits are porous to gases. 

The sulphuric acid graph in Fig. 6 explains why bonded de¬ 
posits occur on economizer tubes and not on metal parts adjacent 
to the tubes. Where a metallic surface is not kept at a tempera¬ 
ture below that of the local gas stream, it ultimately attains to 
and remains at that temperature. No sulphuric acid can form 
on a surface much above 640° F, the approximate boiling point 
of pure sulphuric acid. Any dust collecting on such surfaces 
remains as dust, and is practically unchanged throughout the 
run of the plant. 

Thus, in the metal parts adjacent to the economizer tubes the 
pre-requisite condition for bonded-scale formation—the initial 
sulphuric acid film—is necessarily absent. Such surfaces may 
collect dust, but the deposit remains dust and does not bond. 

It will be clear from what has already been said that the dew¬ 
point of the gases is but a minor.consideration. It is not even a 
measure of the water vapour present and taking part in the re¬ 
action, since the dew-point is very much modified by the presence 
of small quantities of sulphur trioxide. 

(2.6) Power Station Conditions 

It is now possible to offer an explanation of the fact that the 
hard bonded deposits appear to form almost exclusively under 
power station conditions. It has been shown that the local 
strength of the sulphuric acid present on an economizer tube 
surface—or in the deposit—depends on the local temperature. 
The higher the temperature, the stronger the acid (Fig. 6). 

It has also been shown that only fairly concentrated acids will 
attack the alumina compounds carried by the gases, sufficiently 
to produce the quantity of aluminium sulphate needed to form’ 
a bonded deposit (Fig. 4). 

It follows, therefore, that the hard deposits will form only 
under those conditions where the economizer tube temperatures 
are high enough to ensure the formation of acids of the requisite 
strength—that is, in the temperature.range between 250° F and. 
450° F. This is what has been termed the “power station 
range,” and is the characteristic which chiefly distinguishes 
“power station” from “industrial” conditions. 

(2.7) Stalagmitic Deposit Formations 

The development of the theory has now arrived at the stage 
where it is possible not only to explain the stalagmitic scale 
formation, but to reproduce in the laboratory the typical charac¬ 
teristic formation shown in Fig. 3. * 

Observation shows that when a deposit is very thin it is fairly 
smooth and has a uniform thickness. The underside is in con¬ 
tact with the tube metal, and is at the same temperature as the 
tube. It is in this region that most of the sulphuric acid “manu¬ 
facture” takes place, the strength being governed, as already 
explained, by the local temperature. Examination of the thin 
deposit next to the tube metal reveals, as might well be expected, 
the presence of ferric sulphate and of free sulphuric acid. 

According to the authors* theory, the sulphuric acid is suffi¬ 
ciently strong to attack some of the alumina* compounds in the 
fly ash which has adhered to form the initial thii^ smooth layer. 
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Fig. 7. —Scale & in thick (full size). Beginning of stalagmitic growth. 

As the acid continues to form, it seeps upwards through the 
scale. The temperature obtaining on the gas side of the scale is 
naturally higher than that on the tube side; scale, though porous 
to acid and to gases, is not a good conductor of heat. 

The acid, saturated with aluminium sulphate, becomes super¬ 
saturated at the deposit surface, and the excess sulphate is thrown 
out at the hottest part of the deposit, since stronger acid cannot 
hold as much sulphate as the weaker acid (Fig. 5). 

A small amount of hydrated aluminium sulphate thrown out 
of solution on the deposit surface is immediately subjected to 
the high gas temperature; it swells up, passes through the glu¬ 
tinous stage, traps a few particles of fly ash and hardens off. The 
particles caught, form as it were peaks facing the gas stream; the 
deposit surface becomes covered with small lumps, marking the 
' spots where the sulphate was expelled (Fig. 7). These lumps or 
peaks now become the hottest parts of the deposit: it is at these 
places that further sulphate is thrown out and that further 
growth occurs. 

As growth advances, sulphuric acid can be formed in greater 
quantity, since the total amount of ferric sulphate has increased; 
the surface temperature increases, and the process tends to 
accelerate. The higher the temperature of the acid, the greater 
becomes its degree of concentration. The stronger the acid, the 
less aluminium sulphate it can hold in solution, and the more it 
must throw out at the deposit surface. 4 

The process is thus one of accelerating rapidity. The thicker 


the scale, the more quickly further scale will form, 
and the rougher will be its surface (Fig. 8). 

It is also now clear why the deposited sca& is #alag- 
mitic in form. The particles of fly ash come from a 
more or less definite direction and adhere to the tem¬ 
porarily sticky peaks of the deposit, causing a natural 
building towards the source 6f supply of dust (Figs. 9 
and 10). 

The various processes described are taking place at 
the same time. Sulphuric acid is being manufactured 
at the base of the deposit by the catalytic action already 
explained. The strength of the acid is controlled by 
the local temperature, and where feed temperatures are 
high—between 250° F and 400° F—the acid strength is 
great enough to take alumina into solution. It should 
here be noted that it is only where the tube metal is 
at a sufficiently high temperature—as under “power station” 
conditions—that an acid sufficiently strong to dissolve alumina 
can be formed. 


Fig. 9.—Section of deposit (x 11) cut in direction of gas flow. 

Hence, an economizer which remains “clean” for 6, 12 or 
20 months, accumulates a thin, smooth scale, and then rapidly 
fouls with a hard, bonded, rough, stalagmitic deposit at an 
increasing rate. 

The theory, as enunciated so far, therefore satisfies criteria 
“A” and “C.” 

(2.8) Experimental Demonstration 

The process is capable of being demonstrated in the laboratory. 


Fig. 8.-r-Coarsd deposit (x 20) showing well-developed 
stalagmites covered Ttfth small particles of dust. 


Fig. 10.—Section 





RYLANDS AND JENKINSON: BONDED DEPOSITS ON ECONOMIZER HEATING SURFACES 


A small slab of “deposit” was prepared, by making a paste of 
a typical fly ash and 80 % sulphuric acid. This was slowly baked 
at a modefate temperature until it hardened. 

A solution of sulphuric acid containing aluminium sulphate 
was then gradually introduced to the underside of the slab, to 
reproduce the conditions in actual service. This was done by 
allowing one edge of the slab to touch the surface of the acid 
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(b) Agglomerate deposits in the range usually above the 
moisture-dewpoint, the “bond” being chiefly iron salts and 
occasionally carbonaceous matter. 

(c) Hard bonded deposits in the range always above the 
moisture-dewpoint, the bond being aluminium sulphate. 

Ranges (a) and (b) correspond roughly to “industrial” condi¬ 
tions, whilst range (c) corresponds to “power station” conditions. 



Fig. 11.— Artificial deposit (fulJ size). 


solution contained in a porcelain dish. The idea was to accelerate 
the process to enable a laboratory deposit to be built up much 
more quickly than in service. 

A stream of hot air (at about 800° F) carrying fly ash particles 
was then directed obliquely on to the surface of die slab. The 
result was surprising. Small lumps quickly appeared on the 
deposit surface, the high points , were seen to swell up, become 
momentarily sticky, entrap further particles, become sticky again, 
and .grow forward to give the familiar form of the many samples 
from actual service. 

The; process of growth, and the stalagmitic and ripple formation 
could actually be watched as they proceeded. The transition from 
slow growth to rapid coarsening of the structure was easily 
observable. Fig. 11 shows artificial deposits built up in this way. 

A graphical presentation of the whole range of economizer 
deposits is given in Fig. 12. 



Fig. 12.—Composite diagram correlating the reactions in the 
' economizer range. 


(2.9) Pulverized Fuel 

It is still necessary to explain the comparative 
immunity of pulverized-fuel-fired plants from bonded 
economizer scales, as required by criterion “B.” 

It is well known that the fly ash from such plants 
consists largely of hollow spherical particles. These 
particles, since they are spheres, must have solidified 
before they reached the economizer. 

From what has gone before, it will appear that, 
in order to form a bonded deposit, these spheres 
would have to be appreciably attacked by sulphuric 
acid. 

There are, however, two factors operating against such attack. 
Other workers have noted that there is less sulphur trioxide 
in the gases from pulverized-fuel firing than in those from stoker. 

212 216 220 226 236 255 287 334 401 502 64I“E 
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Fig. 13.— Action of boiling sulphuric acid on cast-iron test 
pieces, T 515 in diam., 0/376 in thick, with hole 0*25 in 
Siam. Time of immersion—4 minutes. 

firing. The relative scarcity of sulphur trioxide would greatly 
increase the “immunity period.” 

There is, however, another important factor. It has been 
shown that, although a hydrated alumina is appreciably soluble 
in strong acid, a partly or completely dehydrated alumina is 
much less soluble. Each small grain of ash in a pulverized-fuel- 
fired plant has been subjected to a very high temperature—high 
enough to fuse and “spheroidalize” quite refractory ashes. ‘ It 
would seem, therefore, that the ash from pulverized-fuel plants 
may contain aluminium compounds in comparatively insoluble 
forms.- 

Unless, therefore, a pulverized-fuel installation were run for a 
very long time, it is unlikely that a bonded deposit could be 


Curve A.—Solubility of cast iron in sulphuric acid. 

... Curve B.—Attack of alumina by sulphuric acid. 

Curve C.—Solubility of aluminium sulphate in sulphuric acid. 

The three curves in Figs. 4, 5 and 13 have been replotted on a 
temperature basis, and thus indicate the temperature conditions 
Which correspond to the three main types of deposit:-— 

* (a) Agglomerate deposits in the true moisture-dewpoint range, 
Where the “bond” is carbonaceous matter, corrosion products 
and moisture. ■ ■ ■ ■ * 


made to form on the economizer tubes. The “immunity period” 
during which the minute quantities of sulphuric acid in the gases 
collect on the tubes, is very much longer, by reason of the 
scarcity of sulphur dioxide. When the film does form eventually 
the aluminamtfie fly ash is practically immuqe from attack, atM 
the ^ reaction never takes plac*. 
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The authors hold, therefore, that the theory satisfies criterion 
“B” in that it explains the immunity of pulverized-fuel-fired 
plants from bonded economizer deposits. 

(3) PREVENTION OF BONDED ECONOMIZER DEPOSITS 

In so far as the availability of a boiler unit depends on pre¬ 
venting the accumulation of bonded deposits on the economizer, 
the investigations which have been described, and the conclusions 
which have been reached, point clearly to certain ways of pre¬ 
venting the formation of these deposits. 

The cycle of processes involved in bonded-deposit formation 
may thus be summarized:— 

id) Formation of the original thin film of sulphuric acid from 
the S0 3 and moisture in the gases. 

(b) Attack of the iron of the tube by the acid, with the forma¬ 
tion of ferrous sulphate oxidizing to ferric sulphate. 

(e) Formation or “local manufacture” of more sulphuric acid 
from the sulphur dioxide and moisture in the gases, by the 
catalytic action of the ferric sulphate; the acid strength being 
dependent on the local temperature. 

id) Adherence of some fly ash particles to the thin acid film. 

(e) Attack by the strong acid on the alumina in the fly ash. 

if) Formation of aluminium sulphate which is eventually 
thrown out on the deposit surface. 

ig) Heating of the surface sulphate with local swelling, and 
presentation of a glutinous area to fly ash particles. 

ih) Capture of more fly ash particles and growth of stalagmitic 
projections. 

If any one of these stages can be inhibited, the subsequent 
'Stages can be prevented from occurring. The earlier in the 
series the inhibition can take place, the better the result, and for 
present purposes only the first three stages need be discussed. 
The later stages present the problem of deposit removal rather 
than that of deposit prevention. 

Stage ia). 

It is not practicable to eliminate the sulphur from the fuel. 
On the other hand, pulverized-fuel firing, as already explained, 
does appear to reduce the proportion of S0 3 present in the gases, 
and this delays the formation of the initial film. 

It may be that the processes involved in stoker firing can be 
modified in some way which will increase the proportion of 
spheroidalized fly-ash particles, and decrease the proportion of 
“irregular” particles. If such spheroids contained the alumina 
compounds in a form less readily attacked by strong sulphuric 
acid, the “immunity period” could possibly be greatly increased. 

The authors do not propose to follow this line of thought 
further at the present time, but it does seem to be a promising 
avenue of research, satisfactory results from which could have 
‘ beneficial effects beyond the limits of the economizer itself. 
Such considerations are matters affecting future design; there are 
other implications of the theory which have immediate im¬ 
portance in existing plants. 

There should here be emphasized a warning already uttered. 
It is a general experience that an economizer will run for many 
months before the first signs of a bonded deposit are observed. 
There have, however, been cases where this intractable type of 
deposit has formed at a much earlier period, and it will be useful 
to inquire into causes. 

-■"■■'■ 'It sometimes happens that a new unit is started up with “cold’" 
water. Possibly only water at 60° F or so is available, and it Is 
thought that in a few hours the water will be warmed up and 
the plant running normally with no damage done. On the con- 
t^ry,agreat deal of damage may have been done. Cold ecctops 
' mizer tubes exposed to the products of combustion from the 
r boiler fumacer—whether during starting-up or “floating the 


valves’ ’—will condense moisture in a few minutes. The moisture 
absorbs sulphur compounds; dust in minute quantities adheres 
to the moist surface; and under such conditions the assembly of 
ingredients which would otherwise take mofiths to complete is 
achieved in a short time and the immunity period may be lost. 

In no circumstances should an economizer be fed with 
cold water when the gases are passing over the tubes. If the 
reasons are understood, the difficulties in making the necessary 
arrangements will be overcome. The bypass flue should be used 
if hot water is absolutely unobtainable, but since dampers are 
seldom really gas-tight this procedure is not a complete guarantee 
against moisture condensation. 

The authors have confined their remarks to the problem of 
economizer fouling, since their investigations have been carried 
out chiefly on economizer deposits. At the present stage they 
refrain from extending their conclusions to air-heaters and to 
certain portions of the heating surface of the boiler proper, 
although little consideration is needed to show the applicability 
of their findings in those directions. 

Stage ib). 

Once the acid has been deposited on a cast-iron or steel sur¬ 
face the iron will be attacked with greater or less severity, 
depending on the temperature conditions and on the strength of 
the acid. A series of tests was conducted to confirm what is 
more or less general knowledge—that as the strength of the acid 
increases, the degree of attack on cast iron decreases. The ex¬ 
periments were carried out with various strengths of boiling 
sulphuric acid, and the results are shown in Fig. 13. 

The conclusions to be drawn from this curve are interesting. 
In those high-temperature regions of an economizer where the 
deposit is hardest, one would expect the degree of attack ob the 
local iron surfaces to be least. This is confirmed by experience 
in all the deposits examined where the exact provenance was 
known. It would appear, however, that even at the highest 
temperature shown in Fig. 13, and with the strongest acids, there 
is a sufficient formation of ferric sulphate to ensure catalysis 
and a continuous “manufacture” of acid of strength high enough 
to attack the aluminium compounds. 

The maximum point on the curve, i.e. at 219° F, must not be 
confused with “maximum corrosion.” Maximum corrosion in 
economizers occurs at temperatures below 120° F, when moisture 
from the gases deposits on the tubes, a genuine case of “dew¬ 
point.” 

It should be noted that ferric sulphate will also form from th£ 
iron content of the coal ash. It is known* that iron compounds 
in ash depress the fusion temperature. It has also beep sug-v 
gested by several observers that rapid fouling of economizers is * 
in some way related to a low ash-fusion point. It now seems 
clear that deposit growth and low ash fusibility msfy both be 
related to the iron content of the ash, and that this is probably 
the only connection between the two properties. 

From what has gone before, it will now be realized that the 
authors’ proposals for ensuring a high economizer availability 
are essentially simple. Attention has repeatedly been drawn to 
the fact of experience that it is usually many months before 
bonded scales form on economizer surfaces. It is n<jjv asserted 
that if an economizer will run for 12 months without a bqjided 
scale forming, then there is no reason why such a scale should 
ever be allowed to form. Every boiler has to be shut down 
annually for inspection, though the permissible period between 
thorough inspection may be somewhat increased in special cir¬ 
cumstances. If on these occasions the economizer is restored to 
its initially clean condition, it should run without tfended deposit^ 
until the next annual period of inspection and overhaul* 

:-V S. S, Brame: “Fuel,” 2nded., 1919, p. 41. 
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It is important to make sure that the economizer is really 
clean down to th^ metal, and that all traces of sulphuric acid 
and jfon sulphate have been removed. An economizer which 
“looks clean” may have a scale 0-01 in thick already formed. 

Rodding, brushing, hand-lancing, and similar methods are 
quite insufficient. So far as is known at present, thorough 
washing is the only way. To ensure such washing it is essential 
to test the metal surfaces at intervals for acid and sulphate until 
the result is satisfactory. Any chemist can devise suitable tests 
to conform to particular requirements. ' 

The authors’ preference is for washing with plain water. The 
addition of “neutralizing agents” may have an effect opposite to 
that intended. The use of lime in one form or another would 
probably cause an insoluble film of calcium sulphate to remain 
on the metal. If soda ash is used the sodium sulphate has still 
to be removed, and if the water will remove the sodium com¬ 
pounds it will remove the acid and the iron salts. The difficulty 
with soda ash is that it causes the gelatinous hydrate of iron to 
form and stick tenaciously to the tube surfaces. If allowed to 
remain, this hydrate film will readily pass to the sulphate form 
as soon as the plant is put into commission, and deposit growth 
can commence at once. 

The essential point is to ensure the removal of the sulphur 
compounds, and not merely to “neutralize” them where they are 
found. 

An installation recently visited by the authors was a good 
example of the stage appropriate for washing. For 4 months 
prior to the visit the plant had been out of commission every 
month or so, and had started up on each occasion with feed 
watdr at about 100° F. The feed, after passing through the 
economizer, entered the boiler at a maximum temperature of 
365°JF, tfye inlet temperature during normal working conditions 
being about 200° F. 

These conditions resulted in the formation of a thin film of 
corrosion products on the economizer tubes. The soluble 
portion was found to be nearly 40% of the total deposit, the 
constituents being:— 

Hydrated ferrous sulphate .. .. 3*77% 

Hydrated ferric sulphate . . .. 8*42% 

Hydrated aluminium sulphate.. .. 11* 55 % 

Excess sulphuric acid ., • ♦ — 14* 82 % 

This was a case where the oscillating temperature conditions 
had reduced the immunity period considerably; the sample of 
§pale was taken just prior to the time when a deposit with an 
aluminium sulphate bond could be expected to form with 
accelerating rapidity. 

• The*economizer surfaces looked comparatively clean and such 
as to give rise to no undue perturbation. The constituents 
necessary £or the formation of heavy deposits were nevertheless 
already in position. Water washing quickly and easily removed 
the entire filirft The authors are not able at the moment to 
give particulars of the extent of the further immunity period, as 
several months must elapse before results can. be observed. 

(3.1) Influence on Construction and Design 

The emphasis placed on the need for thorough washing leads 
to a consideration of economizer design. Washing down is no 
new*process: it has often been adopted for the removal of 
deposits already accumulated. The present proposal is for wash¬ 
ing down to prevent deposit accumulation. 

Experience with washing away deposits has made it very clear 
that some economizers are much easier to wash than others. A 
? deep bank of closely spaced tubes is more difficult to wash 
thoroughly than a series of shallow tiers. Circular tubes are in 
any event not easy to wash thoroughly all round. Special forms 


involving water pockets should be avoided at all costs if the 
proposals for “pre-washing” are adopted. Such pockets intro¬ 
duce the possibility of hidden corrosion. 

It would seem that shallow, accessible tiers or banks of tubes 
are an advantage. Tube form is important here, that con¬ 
struction being most suitable which lends itself to the thorough 
cleaning and examination of all parts of the gas-swept surfaces. 
The authors’ preference in this connection is for staggered tubes. 

As regards tube form in general, it may be said'that bonded 
scale formation appears to be quite independent of the shape of 
the tube. This deposit collects on plain round tubes, in straight 
rectangular or cylindrical gas passages, and on tubes with gills 
of rectangular, circular or other form. 

Experience has shown that certain tube shapes are less prone 
to collect dust than other forms. The authors find that the 
degree of proneness to collect dry dust and grit bears no relation 
to the proneness to bonded deposit formation. If the other con¬ 
ditions favour the accumulation of bonded deposits, then the 
tube form is unimportant; bonded deposits will accumulate. 

It need hardly be added that after an economizer has been 
washed, it should be thoroughly dried out before going into 
commission. Nor, from what has gone before, need it be em¬ 
phasized that the drying must on no account be done by passing 
gases through the economizer. 

The simplest way is probably to circulate hot water or steam 
through the tubes. This may involve special piping connections 
for the purpose, but these need present no great difficulty. 

Provision must be made for dealing with the waste water. 
Sluicing down should be generous. Plenty of water is needed, 
and has subsequently to be led away to drains. It is here that # 
the boiler designer can simplify matters by arranging boiler, 
economizer and air-heater so that the gases preferably pass 
downwards through the economizer and upwards through the 
air-heater, with a hopper beneath the region where the gases 
change direction. This hopper would then serve both economizer 
and air-heater. Full-way valves in the base of the hopper can 
then be accommodated, and the rest is a matter of piping. This 
kind of arrangement is by no means new, and where it exists> 
the authors’ proposals can be adopted at once without difficulty. 

As regards constructional materials, it need hardly be said that 
cast iron is by far the best for hopper bottoms and drain piping. 
-In some instances the inner casings of the economizer chambers 
are made of cast iron, to enable washing to be carried out without 
fear of corrosion. Such arrangements, though perhaps more 
expensive than the usual thin steel-plate casings and hoppers, 
are admirable for the purpose and quickly repay their extra cost; 

It has already been indicated that washing-down is no new 
process, although plants which have hitherto been designed for 
ease in washing have been so constructed with the idea of de¬ 
posit removal. ‘Where these advantages of cast-iron casings, 
hoppers and drains exist, the plant is in the fortunate position 
of being able to take advantage of the pre-deposit washing pro¬ 
posals, and thus, by a comparatively simple modification of 
operational method, to secure greatly enhanced availability; : 

(3.2) Influence on Future Arrangements 

The design flexibility, as it were, of the modem economizer, 
more especially of the steel-tube type in which the tubes are pro¬ 
tected by external cast-iron gilled sleeves shruific in position, has 
been ftitiy recognized by boiler designers. 

The manner in which this flexibility has been employed has 
not always, however, tended to improve availability. Whereas 
the demands of the combustion chamber, the boiler drums and 
superheaters have, in many instances ri^tly, been dominant 
factors in determining the disposition of th$ several parts, the 
various tube lengths, widths and heights penpissible in the 
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economizer have been manipulated rather to make the latter fit 
the space left over than to secure maximum availability. 

In many recent instances it has been possible to reconcile the 
conflicting claims of the boiler and its auxiliaries to ensure, 
among other desirable things, long operational periods at high 
efficiency. 

It is now suggested that much more attention should be paid 
to arranging the economizer in such a way that it can be con¬ 
veniently washed. It is probable that similar provision for the 
air-heater would have similar advantages, but it is important 
that the air-heater should have a separate hopper, and that it 
should on no account be arranged immediately above the 
economizer. 

(4) THE REMOVAL OF BONDED DEPOSITS ON 
ECONOMIZERS 

There are probably certain cases where simple washing during 
the “immunity period” is difficult or impossible. There are 
other cases where deposits have already accumulated, and the 
removal of such deposits constitutes a problem of greater or less 
importance, depending on the quantity and character of the 
deposit, on the type and arrangement of the economizer and on 
the general facilities available. 

It is never an easy matter to remove a thick, intractable bonded 
deposit from an econorflizer consisting of a large number of 
closely pitched tubes. To chip off* the scale by hand or by some 
improvised equipment is an arduous, lengthy and seldom satis¬ 
factory method. With deep banks of tubes it is often impossible 
effectively to remove hard scale from the less accessible parts. 

Washing-down is frequently tried, and if the deposit is of such 
a nature as to sludge or crumble away when wetted, the applica¬ 
tion of copious quantities of water may give good results. 

It is when the scale is of the hard bonded nature described 
in Section 2 that difficulties arise. This is often a matter for 
surprise, especially where small samples of scale detached by 
hand have been dropped into water, and have appeared to disin¬ 
tegrate readily. Such tests may be most misleading, since the 
deposit may be porous to water from its underside. The con¬ 
ditions of the sample test are quite different from those on the 
economizer itself, where the underside of the scale cannot be 
reached except through the surface. 

Of the various washing processes which have been applied to 
overcome this difficulty, the use of caustic soda solution has 
been the most successful, perhaps because aluminium hydrate is 
soluble in excess of such a solution. 

A bonded deposit can, however, usually be softened by gradual 
moisture absorption. Two methods are known, and both have 
been applied with success. 

(a) Steaming Method, 

This involves steaming or “cooking” the. economizers for 
periods of 24 hours or more. The scale is given a gentle steam 
bath, usually by introducing a number of perforated pipes below 
the economizer tubes, and allowing the whole chamber to be 
subjected to a steaming atmosphere whilst avoiding profuse con¬ 
densation of moisture on the scale. The latter can be avoided 
by keeping the economizer tubes filled with warm water. 

After a sufficient period has elapsed, the scale is usually soft 
enough to be washed away in one good sluicing. If not, the 
treatment has to be repeated until the desired result is achieved. 

This steam treatment may also be useful in conjunction with 
deposit-prevention washing. If tbe initial ferric sulphate deposit 
on the tubes has become completely dehydrated, it will be diffictrit 


to dissolve. “Steaming” it renders the ferric sulphate more 
easily soluble, and it can then be readily washed away. 

%\ 

(b) Wetting and Warming Method . r< * 

This method involves damping the deposit with a fine water 
spray. Hot water is then passed through the economizer tubes 
until the deposit either cracks off or softens sufficiently to enable 
washing to be successful. A repetition of the process may be 
needed, as also the assistance of rodding, brushing and hand¬ 
cleaning generally. * 

The insufficiency of “dry” cleaning will be apparent from a 
consideration of the process by which bonded deposits are 
formed. Plain-tube economizers are. occasionally cleaned by 
rubbing chains over the surfaces and thereby cracking off and 
removing the scale. Apart from being a particularly unpleasant 
and arduous operation, this process tends to leave on the tubes 
a thin covering of ferric sulphate, the presence of which con¬ 
siderably reduces the subsequent immunity period. 

Where hand-removal of a bonded deposit is adopted, it should 
be followed by liberal sluicing with water to remove all traces 
of ferric sulphate and sulphuric acid, and, for reasons already 
given, the use of “neutralizing” agents must be avoided. 

(4.1) The Use of Soot-Blowers In Economizers 

This subject has received much attention in recent years, and 
particular mention must be made of Glinn’s paper on “The Soot 
Blower.”* Many designs and systems of soot-blowers have 
been produced and tried, but it cannot be said that the problem 
of keeping clean boiler, economizer and particularly air-heater 
surfaces by soot-blowing equipment has been finally solved* * 

From the economizer standpoint the position at the present 
time can be summarized thus: , 

(a) Almost any well-designed soot-blowing equipment'will 
remove loose dust and non-bonded deposits from economizer 
heating, surfaces. Service troubles with such blowers are 
generally of a mechanical nature. 

(b) No soot-blower at present available, however powerful, 
will remove or prevent the formation of bonded deposits where 
conditions are favourable to the latter. 

(c) In many cases a reduction in the frequency of soot-blower 
operation has been found to give good results, and certainly it 
effects economies in steam. 

The first two points are facts of general experience, and call 
for no extended discussion. The third point, however, is the 
subject of much argument. There appears to be no general 
principle which satisfactorily accounts for the undoubted fact 
that, in some plants, the rate of formation of bonded scale is 
apparently retarded by reducing the frequency of blowing from> 
once in every 8 hours to once a day. 

The authors do not attribute much importance t# the tem¬ 
porary increase in the moisture content of the gases during the 
blowing operations. The actual percentage increase is small, and 
bonded scale formation is not primarily a moisture-dewpoint 
phenomenon. Further research on this aspect of the subject is 
required. 
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CAUSES OF HIGH DEW-POINT TEMPERATURES IN BOILER FLUE GASES 


By W. F. HARLOW, Wh.Ex * 


(Abstract! of a paper which was received by The Institution of Mechanical Engineers 18 th August , and read at a joint meeting of 
The Institution of Electrical Engineers with The Institution of Mechanical Engineers 4th November , 1943.) 




WATER COOLED 
GLASS ELEMENTS 


This.paper deals with the reasons for the premature formation 
of acfd condensate from furnace gases, resulting in corrosion and 
deposits on the cooler surfaces, particularly the air heaters, of 
modern boiler plants. Over the past 12 years the difficulties of 
avoiding such conditions have steadily increased, particularly in 
stoker-fired units. The experiments described are thought to 
shed on this problem new light which may lead to a solution. 

Briefly, accumulated experience, together with scientific con¬ 
siderations, indicated that an increase in the dew-point of flue 
gases was sometimes occurring during their passage through the 
boiler, and this was thought to be due to the production of 
sulphur trioxide by catalytic action. It was therefore decided 
to test this by passing flue gases having normal dew-point charac- 
tqfistics over the various materials present in the boiler passes, 
when heated to the temperatures they are likely to acquire in a 
modem plant (see Fig. 1). 

• As will be seen, the apparatus was quite simple, the relative 
changes in the dew-point conditions of the flue gases being deter¬ 
mined by tfce amount of acid formed on water-cooled elements 
having the same surface temperature. This method avoided 
difficult and controversial measurements of sulphur trioxide 
content and dew-point temperature, and at the same time gave 
a positive indication of the dew-forming properties of the gases. 

It was found that rusty mild steel, superheater scales and fire¬ 
brick, when raised to a sufficiently high temperature, were each 
capable of elevating the dew-point of the flue gases as indicated 
by an increase in acid formation. This was particularly evident 
in rusty mild steel when heated to 1 000° F (see Fig. 2). The 
variation in the amount of acid produced is shown in Fig. 3, 
from which it is evident that, over the temperature range tested, 
by far the greatest effect is produced by the rusty mild steel. 
With this material, a small but gradually increasing amount of 
acid was fonped, even at comparatively low temperatures 



■.Before•-"r; 1 After . % 

Fig. 2.—Deposit from gases before and after passing ovgr the catalyst. 


* International Combustion, Ltd. . . . 

t The paper will be published in full in the Proceedings of The Institution of 
Mechanical Engineers. 
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An important example where most of these variables are 
common is shown in Fig. 5, which is a scaleMiagram of a plant 


Fig., 3.—Variation in weight of sulphuric acid with temperature. 
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(Fig. 4), which increased sharply from 800° F to 1 100° F, after 
which it decreased. 
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Fig. 4*—Variation in weight of sulphuric acid with temperature. 

It is, of course, common knowledge that iron oxide and 
refractory materials are catalytic to gaseous reactions, iron oxide 
being used commercially in the well-krtown but Obsolescent 
Mannheim process for the manufacture of sulphuric acid. 

It is important to realize that 10-15 years ago superheater 
tubes were at a black Seat, whereas to-day they are approaching 
a glowing condition which is favourable for both the oxide 
formation and. its catalytic activity. 

7 Attempts to avoid formation of acid by preventing oxidation 
of the steel by the flue gases at the high temperatures prevailing, 
showed that this was no simple matter. Nickel-plated steel, 
stainless steel, and steel sprayed with aluminium, all failed to 
resist oxidation and the resulting catalytic action. 

Methods of coating the catalytic surfaces by inert material 
were carried out with more success, and spraying the catalyzing 
surfaces with milk of lime whilst they were in" a heated condition 
definitely inhibited the acid formation. Spraying the surfaces 
with an aqueous suspension of pulverized-fuel precipitator dust 
was also found extremely effective, as shown by Fig. 4. It is 
thought that the blinding effect of this extremely fine dust, much 
of which is below 10 microns, may be responsible for the com¬ 
parative immunity of pulverized-fuel plants from this trouble, 
high dew-point troubles being chiefly confined to stoker-fired 
plants. , / . , j/' / • ■ . 

A study of the steaming conditions and operating results of a 
large number of plants with which the author has been*concemed 
shows that the incidence of this trouble is closely related to the 
degree of superheat temperature, on which the temperature of 
Che exterior surface of the tube largely depends, although it will 

be TealfTferf that 


Fig. 5.—Diagram of boiler plant. 

Showing arrangement of superheaters and region of air-heater corrosion. 

equipped with twin stokers, each with its own secondary air fan, 
and a common economizer and plate air-heater, each side of 
which is served by separate but similar fans. 

In fact the equipment of each side of the unit is identical except 
for the superheaters which are arranged with the primary and 
secondary sections side by side across the boiler, the maximum 
steam temperatures being 720° F and 850° F, respectively : 
Trouble with air-heater blockage and corrosion is only slight 
on the low-temperature side, but serious on the high-temperature 
side, where the elements have been rendered unserviceable, to 
certain of these units in which the handing of the superheaters 
is reversed, the corrosion and blockage are reversed also. 

There is abundant evidence of a progressive increase*in dew¬ 
point temperatures with its resulting troubles in the past 15 years, 
and it is considered that this is largely due to ther advance in 
superheat temperatures. If the difficulties of maintaining air 
heaters in certain modern plants were experienced 20 years ago 
when air heaters first became generally adopted, it is ddubtful 
whether they would be in general use to-day as an integral part 
of boiler equipment. 

One other factor which has no doubt accentuated the trouble 
during the war period is the general deterioration in fuel, resulting 
in many cases in a higher sulphur content. It is Obvious that 
where catalytic conditions exist, the quantity of acid produced * 
will increase with the proportion of sulphur consumed, and the 
importance of using low-sulphur coals in such cases is apparent.;! 

As stated iff the paper, the experiments are by no means 
complete but are published at this stage in the hope the/'may ; 
afford immediate assistance. Investigations, in 4he field and tte 
laboratory, are still being pursued, and since this paper was 
printed a further important and interesting fact has emerged*! 


m. 
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namely that when tlje flue gases are passed over steel which has 
been coated with the black magnetic oxide (Fe 3 0 4 ), such as is 
obtained bylieating strongly in air, the catalytic action and acid 
brmation are almost Entirely inhibited over the whole tempera¬ 
te range. When, however, this black oxide is removed by 
jand-blasting and the material again subjected to the flue gases, 
:he characteristic red oxide (presumably Fe 2 0 3 ) appears, which 
las the catalytic, acid-forming effects previously referred to. 


The inactivity of the black oxide may explain the immunity 
of new plants which is frequently observed, since new tubes are 
usually coated with the black oxide as a result of their heat 
treatment during manufacture. 

The time interval necessary for this inactive layer to erode 
away or become otherwise displaced, thereby allowing the red 
oxide to form, may well represent the period during which these 
new plants are free from trouble. 


DISCUSSION AT THE JOINT MEETING OF THE INSTITUTION WITH THE INSTITUTION OF 

MECHANICAL ENGINEERS, 4TH NOVEMBER, 1943 


Mr. M. H. Adams: The problem of bonded deposits and 
corrosion of economizer heating surfaces has become much 
more acute in recent years; so much so, in fact, that it seems to 
endanger the future of stoker-fired plant. The effect on avail¬ 
ability is also very serious, and this alone, quite apart from the 
loss in efficiency and the cost of cleaning, makes it essential 
that a solution to the problem should be found at the earliest 
possible moment. The problem is world-wide, and considerable 
efforts have been made in other countries, as well as here to 
relieve the situation, but without success. 

It would seem as though there are a number of complex 
causes which key together in rather complicated and different 
ways before the trouble becomes manifest. If this is so, the 
present papers may be regarded as partial solutions of a more 
complicated problem. In my view the chemistry of these two 
papers has been so simplified and idealized as to be rather mis¬ 
leading. Mr. Harlow is almost certainly right in saying that 
sulphur trioxide or sulphuric-acid vapour is created during the 
passage of the gases through the superheater, but the possi¬ 
bilities bf Us formation in very much larger quantities in other 
ways should not be forgotten. Again, aluminium salts may act 
as a bonding material in the economizer, but other substances 
may play a similar part in other portions of the plant. 

The mechanism described by Messrs. Rylands and Jenkinson 
is very ingenious, but I find it difficult to believe that the sulphur 
dioxide can find its way through Jin of solid scale to the tube 
surface. Have the authors any proof of this? 

The immunity of some plants from deposits may be due to effi¬ 
cient soot-blowing. I remember inspecting one plant which was 
said to be immune from deposits, but some time before my 
visit a defect had developed in the soot-blowing apparatus and 
it had to be run at a lower pressure. Immediately the soot¬ 
bibwing pressure was reduced the deposits began to form. 

The authors’ preventive measures seem to me, as a station 
engineer to be rather impracticable. It is impossible to take 
the boiler and plant to pieces and carry it to the laboratory for 
cleaning; and I do not see how proper chemical cleaning can be 
done while the plant is in position. It is very difficult to clean 
a nest of tubes properly. 

It appears that our troubles have increased with the increase 
in superheat temperatures, but it must be remembered that 
other things have altered at the same time. For instance, there 
is the feed temperature, which is mentioned in the paper by 
Messrs. Rylands and Jenkinson, and there is also the higher 
temperature of the boiler tubes, due to the higher pressure, and, 
what appears to be more important than anything else, the 
fact that we are trying to get more and more from a square foot 
of heating surface and from the grate area. Apparently it is im¬ 
possible to have very high efficiency, high load factor, high rating 
and Tiigh* availability all at the same time. The efficiency of a 
base-load station is of less importance than the efficiency of the 
Srea over whidhrit operates; and if we were a little less ambitious 
with regard to efficiencies and. ratings, and placed more emphasis 
on availability, we* should get a better all-round efficiency. 


The Boiler Availability Committee is doing its best to solve 
this problem, and developments during the past few months 
have been very hopeful. If any engineer has information 
which he thinks would be of use to the Committee I hope that 
he will make it available. 

Mr, L. S. Fosbrooke: These two papers deal with a part of a 
very complex subject, the characteristics of modern stoker-fired 
combustion which result in increased boiler outage and high 
maintenance costs. Excessive external deposits and corrosion 
are attributable to the trend of boiler design over recent years, 
towards high duties, increased efficiency and higher steam tem¬ 
peratures. There is an economic limit to this development, for 
the great advantage of high thermal efficiency can be entirely 
offset, if design factors lead to increased outages and main¬ 
tenance. 

In his paper on the causes of high dew-point temperatures, Mr, 
Harlow has conclusively proved that the final steam temperature 
is the criterion, acting through the thermal gradient of the 
encrusting scales and the tube wall. The catalytic agents vary 
enormously in their behaviour, as is indicated in Fig. 5, and this 
may account in some measure for the anomalies experienced up 
and down the country. 

The author ’s suggestion of injecting pulverized-fuel ash or milk 
of lime is not commended. When one visualizes die immense 
surface area in the dense tube nests of modem superheaters, it is 
not reasonable to expect that 100% of this will be immunized, of 
that the effect will remain when subjected to routine soot-blowing. 

As engineers, it behoves us not to call a halt to progress and 
revert to less onerous conditions, but to .design away from the 
consequences, in the light of the new knowledge on the subject. 

I suggest, therefore, that all new installations should be pul¬ 
verized-fuel fired where the geographical and other factors are 
favourable. • This system of combustion enjoys relative immu¬ 
nity from both high- and low-temperature deposits.. 

For stoker-fired plant, since 800° F is the critical tube-wall 
temperature beyond which catalytic agents become increasingly 
active, we should design the primary superheater only as a con¬ 
vection unit, with a steam temperature limitation of 750° F at 
m.c.r., further superheating to be done in a radiant unit dis¬ 
posed in the water walls at the top of the combustion chamber. 
With this arrangement, the gases would not intimately scrub the 
catalytic surface and the conversion of S0 2 to S0 3 would be 
negligible. \ • : 

This suggestion was recently vetoed by an eminent engineer, 
who doubted if there was a tube material to stand up to the 
arduous duty of the radiant unit, but I should like the matter to 
v investigated with our present-day knowledge of high- 

afioy st^k: American boiler makers a few years ago used an 
alloy of approximately 18: 8 chrome-nickel, which was deemed 
suitable for an inside surface temperature of 1150 to 1 200° F. 
Purser, a p^r iii 1934 by H. G. Geer on “Superheaters for 
Water Tube Boilers” stated that “These experiences show that 
the development of high steam temperature need not be hampered 
by want of suitable materials and also that high-alloy steels can be 
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produced, which will withstand high radiation temperatures and 
even flame impingement.” If the cost of the radiant superheater 
was quadrupled as compared with its convection equivalent, it 
would still be an economic proposition, provided it kept the boiler 
on line and avoided expensive renewals at the low-temperature 
end. 

Another suggestion which merits serious consideration is that 
only the primary superheater should be integral with the boiler 
and that the final steam temperature should be achieved through 
an external unit, fired by either pulverized fuel or oil. Such an 
arrangement could be linked up with a reheating installation, but 
I am afraid that on a large scale layout this would lead to great 
■complications. 

Mr. F. Shakeshaft: The investigations described in the two 
papers give the main reasons why pulverized-fuel-fired plant is 
more immune from the formation of bonded deposits than 
stoker-fired plant. American experience, however, indicates 
that if the rates of combustion in pulverized-fuel plants exceed 
certain limits, deposits begin to. form. Statistics show that 
quite a number of large pulverized-fuel plants are capable of 
almost continuous running, from one annual survey to another. 
A few stoker-fired boiler plants have given equal availability, 
but this is by no means the general rule. 

In these circumstances, attention was directed to the phenom- 
ena which occur in the fuel bed of chain-grate stokers, as it was 
thought that, during the buming-out process of the fuel at the 
rear of the stoker, chemical reactions took place which might 
be largely responsible for some of these troubles. Recent 
experiments, carried out after making modifications to the air 
‘ f 0n , ln ® chain-grate stokers, gave promising results, enabling 
boilers to remain on the line for from 3 000 to 4000 hours 
instead of 600. ’ 

In one installation a high-pressure air duct is provided in 
order to promote intense combustion in a strongly-caking fuel 
bed prior to its leaving a long front arch, so that the combustion 
process can be completed with a very low air pressure in the re¬ 
maining compartments of the stoker. In another installation with 
an archless front setting, the air supply to the first four compart¬ 
ments is isolated from the four rear compartments by means of a 
•diaphragm provided with dampers and a slipper seal operating on 
the lower chain links. In practice, however, the air to the last 
our compartments is supplied merely by leakage through the 
,<wpr links, of the This modification has not only per¬ 

mitted an increase in the maximum steaming capacity of the 
boder when burning blended Welsh fuel, but has materially 
diminished the formation of bonded deposits. A most interest- 
mg feature of this installation is the copious formation of very 
fine dust immediately the firebed enters under the rear arch 
The greater proportion of this dust is less than 1 micron in 
diameter, which is far finer than the dust usually produced on a 
pulverized-fuel plant and collected in the electrostatic precipi- 
tator. Observation of the fire also indicates that very little 
«. "V s du ? t drifts back into the furnace, owing to the flow of 
■air through the stoker into the tail-end of the furnace being 
reduced, and copious supplies of this fine dust are now going 
over the dumping bars. 6 

^During file war period, there has been a material increase in 
fintc + Ver f S *°j unwashed s,acks containing large quantities of 
S generating stations where chain-grate stoker- 

fired boiler plant is installed, and this has led to a marked 
decrease m boiler availability. The fines cause bird-nesting in 
_Ptn^gf»era to r and superheater passes, and the fine dust 
Sof iS/A 111 ^ md stoker is a probable 

2?P° slts foxing on -the economizer and air 



ing the quantity of fines included in the fuel if power station 
output is to be maintained, and it is suggested'that the proportion 
should be governed by the caking index and the ash content of 
the fines. - 1 

Mr. B. M. Thornton: My company has been operating stoker 
fired high-pressure boUers with moderately high superheats for 
some 10 years. All these boilers are equipped with air heaters 
and comparative freedom from serious fouling and corrosion 
troubles has often been a matter of surprise. Some 12 years 
ago we developed our own dew-point apparatus, which is s imila r 
in principle to the one used by Mr. Harlow. The accuracy of 
the instrument was established by checking the dew-point found 
with it by chemical and physical methods. In many hundreds 
of tests, the dew-point was never found to differ from the value 
it should have had taking into account only the water vapour in 
the flue gases. In other words, the influence of sulphur trioxide 
was in our case always negligible. 

Some years ago the temperature of the superheater tubes 
during starting and normal running was measured by means of 
thermocouples peened into the tubes, and it was established 
that during normal running the tube temperatures were from 
50° to 80° F higher than the temperature of the superheated 
steam. These figures confirm those given by Mr. Harlow 
Our final steam temperatures varied from 780° to 820° F 
and normally never exceeded 820° F. By actual test the 
normal highest average tube temperature was found to be about 
850° F. 

The curves in Figs. 5 and 6 of Mr. Harlow’s paper now offer 
a possible explanation of our comparative freedom from trouble. 
It is evident that we have been working on the “safe” pirt of 
his Fig. 6; and that our experiences are some confirmation of 
his thesis. * 

It is not difficult to make and use an electrical dew-point appar¬ 
atus, and it is to be regretted that so few dew-point determinations 
have been made in boiler houses in this country. More general 
investigations by those in charge of boiler houses would assist 
in solving some of the outstanding problems. If these problems 
are not solved, either steam temperatures cannot be allowed 
to increase above about 780° F or the exit flue-gas temperatures % 
must be allowed to increase substantially. In either case, the 
firing of boilers by mechanical stokers may suffer from a dis¬ 
advantage when compared with the use of pulverized fuel. 
Mr. Harlow’s experiences are confirmed by results obtained in 
boiler houses in America, and especially in the Mid-Western 
districts. . T 

Mr. F. Fraser Ross: Mr. Harlow’s theory can be restated 
against the background of our present knowledge of theichemis- 
sulphur in a boiler. Calculations show that sulphur 
trioxide and carbon monoxide should be incompatible even in 
proportions as low as 10 parts per million; they should react to 
give sulphur dioxide and carbon dioxide. 

We are being asked to suppose, therefore, that the gases 
issuing from the combustion chamber contain virtually no 
sulphur trioxide or sulphuric acid, either as a result of the 
reaction with carbon monoxide or because none has been 
formed, and that some conversion of sulphur dioxide to trioxide 
takes place on passage through the superheater, the amount 
depending mainly on the temperature of the surface, but also 
on the time of contact and the nature of the surfac£ We 
should expect a new superheater, for example, to be a poor 
catalyst until its surface had become activated through time and 
use. This would account for the immunity period. " 

In any given boiler the superheater temperature, time of 
contact, nature of surface, etc., are reasonably^constant; and; 
m the range of superheat common in this country, they do not 
vary greatly from boiler to boiler. "So, on Mr. Harlow’s theory; 
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we have in most bojlers a small, constant production of sulphur 
trioxide to account for the observed discrepancy of a few 
degree* in %e dew-points as compared with those calculated 
from the water-vapofir content. Those boilers with superheats 
higher than normal produce much more sulphuric acid, causing a 
higher dew-point and a consequent tendency to air-heater trouble. 

There is, unfortunately for boiler designers, a good deal of 
technical evidence in favour of this theory, and as far as our 
knowledge goes the theory is scientifically sound. Although 
I am not prepared to subscribe to the theory at tl\e present 
stage, I cannot point to one indisputable fact against it, unless 
the observation that superheater surfaces are in general coated 
with deposit and their metal is not in any case exposed to the 
flue gases is regarded as such. 

What is surprising, therefore, is that so far no support for 
the theory has been forthcoming from scientific measurements 
on boilers. If the theory is correct, there should be a marked 
difference in the sulphuric-acid content of the flue gases before 
and after the superheater in every stoker-fired boiler. This 
has never been confirmed, either by analyses of flue gases for 
sulphur trioxide or by the measurement of dew-points. 

The great difficulties involved in these measurements make 
it unwise to regard those which have been made so far as dam¬ 
aging to the theory; but, on the other hand, until the theory has 
been confirmed or disproved by satisfactory measurements of 
this type, the unpleasant conclusion should not be drawn that 
superheat temperatures of above 850° F are impracticable 
unless a satisfactory means of coating the tube surface can be 
found, or unless boilers can be radically redesigned, as Mr. 
Fosbrooke has suggested. 

Mr. R. LI. Rees: One of the three criteria put forward by 
MessKs! Rylands and Jenkinson as a test for the theories of the 
formation of deposits in economizers is concerned with .the 
physical structure of the scale. Their ingenious method of 
forming in the laboratory a scale of similar appearance does 
not, however, show that such a deposit cannot be built up in 
any other way, so that this particular criterion cannot be used 
as a means of judging the validity of the several theories. . 

Another of the three criteria is concerned with the period of 
immunity. It is difficult to understand why the explanation 
which the authors give, or a closely similar explanation, should 
not also be valid for other theories. Their description of the 
changes that may occur at the heating surface is not an essential 
part of the aluminium-sulphate theory, and can readily be 
adapted to fit others. A similar argument can be used to show 
that the aluminium-sulphate theory is not the only way of 
accoun^ng for the comparative immunity of pulverized-coal- 
fired plants, which forms the authors’ third criterion. 

The authors give a most ingenious and valuable account of 
the formation of economizer deposits, but they have failed in 
their attempt tojprove that no other theory is valid. The com¬ 
plexity of the problem suggests that several different mechanisms 
may operate simultaneously, so that there is still a wide field 
of ideas open for investigation. 

The theory formulated by Mr. Harlow probably accounts for 
many instances of air-heater corrosion, but one cannot agree 
that this is the only possible method of formation of sulphuric- 
acid vapour. 

The # statement that “it would seem that it is impossible for 
an excessive amount of sulphur trioxide to be produced in the 
combustion process” is based upon the results of experiments 
made by Bodenstein and others under ideal conditions in the 
laboratory. The actual conditions in a boiler furnace are, 
however, very* different. Not only is it doubtful whether 
equilibrium is reached, but the reactions take place at great 
dilution, in the presence of other gases and of finely-divided 


solids, and in the immediate neighbourhood of an extensive 
release of energy. It would be surprising if the Bodenstein. 
curve of Fig. 1 were found to hold under conditions such as 
these, so that one must still consider the possibility that the • 
gases leaving the combustion chamber may contain harmful 
quantities of sulphur trioxide. 

Fortunately, the theory given in the paper is amenable to 
experimental test, and one may look forward to a definite 
verdict. Wherever the dangerous concentrations of sulphur 
trioxide are formed according to this theory, it will be necessary 
either to hinder the catalysis or to rest content with compara¬ 
tively low temperatures in convection superheaters. If, how¬ 
ever, the dangerous concentration is present in the gases leaving 
the combustion chamber, the relative freedom from this trouble, 
which was a feature of boiler operation up to 15-20 years ago, 
can best be restored by suitable modifications of the combustion 
process. 

Mr. L. F. Jeffrey: In the long period for which I have been 
associated with boilers the greater part of the trouble experienced 
has been associated with superheaters. I should, therefore, like 
to know in what respect the authors feel that their investigations 
could be applied to the superheater. 

I should like to endorse Mr. Adams’s recommendation that 
the loads on grates should be reduced to reasonable figures, 
and also that the ratings of the boilers should be carefully con¬ 
sidered. At the same time, it is felt that boiler design must 
receive much more careful consideration, in consultation with 
such investigators as the authors, with a view to eradicating those 
factors which contribute to the formation of dust and deposit. 

It is important that, in spite of the growing popularity of the „ 
use of pulverized fuel, we should continue to give serious atten¬ 
tion to stoker problems; because many engineers are precluded 
from using pulverized fuel owing to the difficulty of installing 
electrostatic precipitators, and the still greater difficulty of 
disposing of large quantities of fine ash. So far as stoker 
units are concerned, further attention must undoubtedly be 
given to the questions of the grading of coals, removal of ash, 
and reduction of moisture content. 

Many years ago I was associated with Mr. Harlow in his 
investigations on air-heaters, as a result of which re-circulation 
was adopted. It is interesting that Mr. Harlow now finds 
himself in difficulties with re-circulation, owing to tihe increase 
in temperatures and resultant increase in power consumption. 

It must not be overlooked that, notwithstanding the difficulties 
which have arisen owing to the increase in superheat temperatures, 
such as Mr. Harlow has indicated, a higher superheat temperature 
is still our goal, because that is the way to maximum efficiency. 

Dr. A. Alan Taylor: The conclusions reached by Mr. Harlow 
in his paper would suggest the necessity of considerable modifi¬ 
cations of our views with regard to power station design. I 
should therefore like to discuss the experiments to see if the 
conclusions are justified. 

The conditions under which the tests were carried out were 
very different from those existing on full-scale plant. For 
example, the gases used for the tests were much cooler and 
probably contained a much higher proportion of air. The flue 
solids in the gas under test might be very different from those 
existing in a large boiler. Again, in a superheater the hot 
gas passes over cooled surfaces, whereas in these tests a cool 
gas was passed over heated surfaces. Further, the time of 
contact between the reactants and the catalytic surface may 
have been very different. It is quite possible that, at the gas 
velocity existing in a superheater, there is insufficient time or 
insufficient surf^ for these catalytic processes to take 

place to an extent sufficient to increase the dew-point. * 

Witih regard to the various catalysts, I would suggest that in 
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a superheater the catalytic effect of the deposit and not the 
. iron-oxide scale would be the controlling feature, because in 
normal boiler practice the iron oxide is completely covered with 
a layer of deposit. Now from Figs. 5 and 6 it will be seen that, 
up to temperatures of about, j 100° F, there is nothing to choose 
between the catalytic effect of superheater scale from a stoker- 
fired boiler and the dust from a pulverized-fuel plant. At the 
same temperature they have almost exactly the same effect. 

If a high dew-point is not obtained in pulverized-fuel plants, 
because the surfaces are coated with a dust which has only a 
small catalytic effect, then by the same reasoning a high dew-point 
should not be obtained in stoker-fired plant because the surfaces 
are coated with a deposit which has an equally small catalytic 
effect. 

It is assumed throughout the paper that catalysis is the cause 
of the phenomena noted, but this is by no means proved and 
there are, in fact, several points which suggest that other factors 
may be playing an important part. I feel that this question 
should be placed beyond any doubt before we commit ourselves 
to the conclusions reached. 

Finally, with regard to operating results on boiler plants, 

I have in mind one power station where the boiler arrangement 
is very similar to that shown in Fig. 7, and where the 
superheat temperature is 850° F, but in this instance, observations 
taken over a period of more than 4000 hours have shown that 
it is always the air-heater over the primary superheater which 
chokes up. Again, high dew-points are occasionally found even 
where the superheat temperature is relatively low, and we can 
only conclude that in these cases at any rate, the high dew-points 
result from other causes. 

Mr. G. Nonhebel: It seems to me to be important: that an 
investigation should be made into the operating experience 
with gas-and oil-fired boilers. There must be boilers in the 
U.S.A. which use natural gas or oil for firing, and where the 
ash problem does not exist. It would be valuable from the 
point of view of Mr. Harlow’s theory if it could be shown 
whether there is greater corrosion where there is a high super¬ 
heat with an oil- or gas-fired boiler, making due allowance for 
the increased dew-point due to the water from the extra hydrogen 
in the gas. 

I should like to support the suggestion that a radiant super- 
heater is desirable for the final stage of superheating if Mr. 
Harlow’s theory is correct. I have had experience of radiant 
superheaters with a powdered-fuel boiler of the Stirling type, 
where a brick baffle directly opposite the turbulent burners was 
replaced by a radiant superheater; the superheater stood up 
very well to those conditions and as the boiler was a powdered- 
fuel one there was no trouble from air-heater corrosion. 
r Mr. D. W. Lees: In their paper, Messrs. Rylands and Jen- 
kinson state that bonded deposits occur only on stoker-fired 
boiler economizers and that practically no bonded deposits 
occur on economizers installed with pulverized-fuel-fired boilers. 
They also state, in the conclusions arrived at after carrying out 
their extensive survey of the chemical actions taking place 
during the formation of bonded deposits, that an important 
factor is the condition of the alumina in the fly ash, hydrated 
alumina giving rise to suitable conditions for the formation of 
bonded deposits. I assume, therefore, that any form of steam 
soot-blowing of boiler, superheater, economizer, etc., the water 
washing of superheaters as carried out in certain power stations; • 
and the wetting of coal to promote better firing conditions on 
stoker-fired boilers, would tend toward hydration of the alu¬ 
mina in the fly ash. Conversely, any reduction in the quantity 
of moisture introduced would tend to improve matters as far as> 
*the dryness of the alumina is concerned. Obviously the moisture 
due to the combustion of hydrogen cannot be eliminated. 


It would be interesting if the authors would give their views on ' 
this matter, having in mind the drying of pulverized fuel before 
firing, and if they would state whether in their opinion this pre¬ 
drying is a factor of much importance in the elimination of 
bonded deposits in pulverized-fuel-fired boiler economizers. 

Referring to the prevention of bonded deposits on econo¬ 
mizers of stoker-fired boilers, the authors state on page 86 * ^ 

“It may be that the processes involved in stoker firing can be 
modified in some way which will increase the proportion of 
spheroidalized fly-ash particles. . . .” It may here he 0 f 5 
interest to refer to the greatly improved reduction of bonded I 
deposits on the economizers and superheaters of two stoker- 
fired boilers at the Croydon power station, which have been 
fitted with air booster ducts under the stokers. The effect of ^ 
this system of air distribution employing a zone of high tempera¬ 
ture by means of an augmented air pressure, may actually 
simulate the conditions which obtain with pulverized-fuel firing, 
inasmuch as there exists a high temperature zone in the only V 
position on the grate where any quantity of fly ash can. be ' .1 
discharged into the gas stream. i 

Further, wetting of the coal previous to firing does not improve 
firing conditions, and is not resorted to, which is in favour of 
the point raised earlier in my remarks on introducing moisture f 
to the flue gases. I believe through the good offices of the 
Boiler Availability Committee and the Fuel Efficiency Sub- 
Committee, that many power station engineers are conversant 
with this system of stoker firing, which is known as the Harper 
booster-duct system. 

Mr. P. H. N. Ulander: I agree with Mr. Adams that the authors 
have singled out only two sets of conditions which could produce 
the effects they describe, whereas the problem is obviously a 
very complex one. For example, the reactions whjph 09 pm: in 
the combustion chamber and on the grate are not taken into 
account in their investigations. 

Mr. Harlow mentions the following, points which may cause • t 
trouble in connection with air-heaters: ( 1 ) High superheat and: 
catalytic action, ( 2 ) leaky boiler tubes and economizer tubes, : 

(3) low dew-point during soot blowing, (4) possible difficulties due i ■ 
to unsatisfactory combustion, and (5) the type of coal burned. ? 

To these five I should like to add: ( 6 ) Low heating-surface 
temperature in air-heaters during starting up and shutting down, 

(7) low pre-preheating surface temperatures during periods of 
low boiler loads, ( 8 ) low dew-point during water lancing of 
superheaters and other surfaces, (9) localized low temperatures 
of the air-preheater heating surface due to the air for combustion ; '>& 
reaching the forced-draught fan direct from the outside atmo- ‘ fi /l 
sphere through windows adjacent to the -fans, orwhen the.fajM^;VvM 
are placed in the basement with no provision for drawing hdt | 
air from the boiler house, ( 10 ) stoker rating, and ( 11 ) combustion tiff 
chamber rating. • 

These are exceedingly complex questions. By far the greatest W ^ 
proportion of air-preheater troubles are due to low heating- i 

surface temperatures. If it were possible to control the air- | 
preheater temperatures or heating-surface temperatures so that 
they never fell below an empirically-established value, then 
most of the difficulties would be eliminated. In the U.S.A,, 
automatic control of the coldest part of the heating surface has -m 
been introduced and has proved successful. Fower-station 
engineers may be hampered at present by the lack of skiKed and 
experienced labour—-a factor which makes it more than ever 
desirable to introduce automatic temperature control. 

Mr. L. C. Southcott: In Fig. 7 Mr. Harlow shows a boiler, 
plant with a side-by-side superheater where extensive corfosion^^ ^^^^^^^^S 
is reported in the air-heater behind the secondary superheater, 
the section behind the primary being comparatively undamaged, 
Severe corrosion also occurred oh the external surface of the Mr 
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superheater tubing, being most marked at the point of gas 
entry to the superneater and being mainly confined to that 
portion of the tubing facing the incoming gases. The tubes in 
the first row were thfimed to about half their original thickness, 
leaving the external surfaces irregular due to localized attacks. 
Tubes across the whole width of the boiler were affected, and 
the replacement of many of them was necessary. Corrosion 
took place in the second row of tubes, but not to the same 
degree as the front row, while the rear row carrying the highest 
temperature steam (850° F) was not affected. * 

Fuels with a comparatively high’ sulphur content had been 
in use and the deposit on the external surface of the superheater 
was white in colour with underlying greenish sections. An 
analysis of the ash gave the following result 

Silica (Si0 2 ) .. .. .. 16-20% 

Iron oxide (Fe 203 ) .. ... .. 13-68% 

Alumina (AI 2 O 3 ) .. .. .. 2-20% 

Lime (CaO) .. .. .. 1-88% 

Magnesia (MgO) .. .. .. 3*19% 

Sulphates (S0 3 ) .. ... .. 38-81% 

Sulphide (S) .. .. .. Nil 

Phosphates (P 2 O 5 ) .. .. .. 1:75% 

Chlorides (CI 2 ) .... .. Nil 

Alkalis (Na 20 ) .. .. .. 22-29% (by difference) 

It would appear that sodium sulphate was mainly responsible 
for the attack. The degree of tube wastage was exceptional at 
this point, and it would therefore have been useful if Mr. 
Harlow had selected other installations to illustrate his theory. 
In view of the superheater corrosion being general across the 
width of the boiler, it might have been expected that air-heater 
corrosion would also be uniform. 

Mr. D. Northall-Laurie: I have followed the two papers with 
great,interest as I spent most of 1935 on a comprehensive 
research at two large power stations on the general question of 
reduction of the sulphur content of flue gases and, in particular, 
on the cause of the clogging of air-heaters and economizers by 
sticky deposits accompanied by corrosion, and, as a result of 
such research, I am able to suggest a remedy. The sticky dust 
showed the presence of acid sulphate of iron. Excessive moisture 
in the gases, caused either by burning too wet a coal or by steam 
leakage, was found to increase the trouble. 

The solution of the problem appeared to resolve itself into 
the addition of an alkali to neutralize the acid as well as some 
control of humidity. It was not considered advisable to coat 
the walls of the air-heater passages with anything for fear of 
reducing the efficiency of the heat interchange, which had 
already been reduced by widening the spaces. 

No reduction of this acidity was obtained by the addition of 
lime to* the coal before burning unless excessive amounts were 
used, which was out of the question. Addition of an alkali to the 
flue gases was then tried. The most suitable and economical 
alkali to use was # slaked lime dust, and an apparatus was setup to 
blow known amounts of dust into the boiler flue immediately 
above* the economizer (Stirling boiler). Quantities of lime in 
amount equal to 3 % of the coal burnt were blown in and no 
deposit collected in the air-heater. Some did collect on ledges 
and comers as a dry powder which gave an alkaline reaction 
when wetted. The quantity of lime used was reduced until 
^ dust ^ still just alkaline. This occurred when about 
0 * 2 /C was used; 0*06 was insufficient. The best moisture 
content of the flue gases was found to be about If grammes of 
water per cu ft at n.t.p.^The^ sulphur content of tl^ 
burnt at that time was 2%. ' * •. 

Several runswerenrade with^ and no sticky deposit 

^vas produced.* Moreover, when the air-heater was opened for 
inspection it was found to be substantially clean and free from 
signs of corrosion. The “tell-tale” glass tube inserted in the 


flue at the base of the stack showed on some mornings a small 
amount of sticky deposit that had collected during the night 
shift owing to a deficiency of lime caused by stoppage or 
irregular working of the dosage plant. 

The result of the work established the fact that clogging up of 
the air-heaters and the fins of economizers, with elimination of 
corrosion in all parts of the air-heaters, could be achieved by the 
simple expedient of blowing into the flue gases, at the correct 
spot, lime dust to an amount of about one-tenth of the sulphur 
content of the coal burnt with controlled humidity. 

Mr. A. G. Forgan ( communicated ): On boilers where stages 
\a\ \b) and (c) of Messrs. Rylands and Jenkinson’s theory are 
present, and the inhibition of stages (d) and onwards can be 
shown, a guide to its correctness can be obtained. Flintshire pea 
slacks burnt under industrial plant boilers resulted in S0 2 and SO 3 
formation causing severe local pitting. A smooth, thin bonded 
scale formed on the economizer, but in the course of normal 
working, it tended to crack allowing soot blowers to remove it. 
Similar thin hard deposits formed in the vertical tubular air- 
heater with downward gas flow. After 3 or 4 years’ operation, 
a number of tubes choked at the bottom with deliquescent 
deposits, removable by water washing. Fig. 6 shows why 
excessive corrosion on these tubes was not experienced as com¬ 
pared with upward-gas-flow air-heaters. Drainage would carry 
weak solutions of S0 2 and S 0 3 from hot upper to cooler outlet 
zones, thus , avoiding increasing acid concentrations experienced 
with drainage from cold to hot zones. Completion of drainage 
and higher gas temperatures account for increased corrosion in 
the lower hot zones. Periodic soot blowing is beneficial, as it 
removes portions of weak acid solutions adsorbed on deposits. „ 

These industrial boilers of 80 000 lb/hr m.c.r. operated under 
very different conditions from the boilers used in selected power 
stations. In normal operation they rarely exceeded 60 000 lb/hr. 
The grates were easily worked using a maximum of forced draught, 
thus reducing fly ash, whilst the combustion chamber was liberally 
designed allowing the flames to bum out some distance below the 
fire-row tubes. These two factors eliminate stage '(d), and onwards. 
As, after a year’s continuous working with'little or no banking, 
only a thin bonded scale* formed on economizer tubes, it is inferred 
that the authors’theory is correct. 

A selected-station boiler of 100 000 lb/hr m.c.r. was operated at 
65-70 000 lb/hr. Raising the output to 85-90 000 lb/hr was ac¬ 
companied by choking of the fire-row tubes. Gun-type soot 
blowers had to be fitted. The increased boiler rating had 
reached the point where the fuel-burning equipment was over¬ 
loaded. Reduction of boiler outage is bound up with the 
combustion arrangements. Heat released depends on furnace 
volume, but heat absorbed by water-tubes at a given combustion 
temperature depends on exposed tube area. As the size of boilers 
increases, heat release per unit volume should be decreased to 
maintain uniformity of flue-gas temperature leaving furnace 
on the different size boilers. The benefits of this practice 
would be felt throughout the steam generating unit, not only 
on the economizers, but also on the fire-row tubes, the super¬ 
heater tubes and the air-heaters. 

The immunity-period theory can be substantiated, as washing 
gifled economizer tubes results in lower draught losses than are 
obtained by rbdding. The statement that soot blowers axe 
not effective with bonded deposits holds true only where stalag- 
mitic conditions develop. When no soot-blowing was carried 
out on gilied-tube economizers, the bonded deposits were some 
50 % to 75 % thicker, and the staggered tube gills formed dust 
traps which wbuld have been absent had the tubes been in line. 

Mr. H. Knott (communicated): The authors of the two papers 
may be interested in the foflowing characteristics observed bh 
a boiler of the industrial type. The boiler is one» of a range of 
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six which are rated at 75 000 lb/hr, with a steam pressure of 
350 lb/in 2 and a temperature of 700° F. The feed-water tem¬ 
perature of the economizer averages about 190° F at inlet and 
about 300° F at outlet. The gas-inlet temperature is about 
600° F and the outlet temperature about 350° F. 

These conditions are outside what the authors of both papers 
consider would give the bonded deposits. Nevertheless such 
deposits do occus and the boiler has exhibited several of the 
phases described in the paper by Messrs. Rylands and Jenkinson. 
The boilers first went into operation about the beginning of 
1938 and, due to war-time restrictions, only one or two boilers 
have been on the range at one time, which means that each 
boiler has had only about one-third of the operating hours it 
would normally have in a fully-loaded station. Until 1941, 
no cleaning of the economizer tubes, which are plain mild steel, 
had been found necessary other than regular soot blowing. 
During 1941, it began to be necessary to clean the economizer 
tubes by hand. A fairly adherent scale accumulated which 
could not be touched by soot blowing. From this time onwards 
it was found necessary to clean by hand after about 2 000 hours 
operating, by which time scale about f in thick in places had 
accumulated. It has lately been found that this scale can 
satisfactorily be softened by water spray and finally washed off 
by hosing. According to Messrs. Rylands and Jenkinson, we 
should expect the boiler to exhibit a fresh immunity following 
the thorough washing. Insufficient time has elapsed for con¬ 
firmation of this view. 

Although the process appears to go in accordance with the 
description given by Messrs. Rylands and Jenkinson, there are 
two points in which the theories in neither of the papers fit 
the facts: ( 1 ) Tube-wall temperatures are low enough to be 
out of range of bonded deposits according to the theories of 
Rylands and Jenkinson, and ( 2 ) the superheat temperature is 
not high enough to cause extensive formation of sulphur tri- 
oxide in accordance with the theories put forward by Mr. Harlow. 

Mr. G. H. Manning (< communicated ): These two papers are 
interesting in that both have suggested that the high dew-points 
observed in flue gases are due to the presence of a catalyst which 
acccelerates the formation of S0 3 from the S0 2 in flue gas. 

Mr. Harlow, indeed, has shown conclusively that rusty mild 
steel is an efficient catalyst for the reaction, and his results are 
m agreement with what we would expect from theoretical con¬ 
siderations. 

The reactions involved in the deposition of a sulphuric-acid 
nlm from a flue gas are 

^ + ip 2 ~ SO $ —Slow reaction, except above about 

( 2 ) S 0 3 + H 2 0 = H 2 S0 4 (gas)-—Fast reaction. 

(3) H 2 S0 4 (gas) + *H 2 G (gas) = H 2 S0 4 . xH 2 0 (liquid).—Fast . 

reaction. v 

Equilibrium conversions for reactions 1 and 2 are shown in „ 
•;-. A - and B- These are'calculated from the corresponding u 
equilibrium constants.* t The temperature at which reaction 1 
o begins, i.e. the dew-point, and the concentration of acid u 
deposited at this temperature can be obtained from the results rr 
of Johnstone J and Taylor.§ 1 

? quiHbrium is > of cour se, not attained, the formation 4 < 
ot H 2 Su 4 being governed by the progress of reaction ( 1 ). In C /, 
the absence of a catalyst, the actual conversion of SO* to SO, in tv 
a ue gas will be small (£-1 %), since at the temperatures at 

l M ll v 373 

£9,p. 26. STE?N md " M * Katayama : Zeitschrift fur physikalische Chemie , 1909, ^ 

Ci^^rN^ 0 ^ 81,0 ^ 1492 ?’ Universit y of Illinois Engineering Experiment Station 

§ A. A. TAYLOift Journal of the Institute of Fuel, 1942, 16, p. 25; sq 



1= 0 2 partial pressure 0-05 atm 
2a ” - - 010 „ ’ 



300 400 500 600 700 800 900 ” lOMUOo' 

Temperature, °C 
Fig. A 

l‘H 2 0 partial pressure 0-05 atm. 

0 - 2 - .. . 010 » 

\ \\ 3- • » » 015 . 


260 300 340 

Temperature, °C 
Fig. B 


which reaction is rapid, the equilibrium conversion is small 
This corresponds to A of Fig. A. If, however, the flue gas 
*»? a catalyst on its passage to the chimney the reaction rate 
will be increased at lower temperatures, and since the equilibrium 
conversion is high at lower temperatures, the actual conversion 
will be increased. Experience of the contact process for the 
manufacture of sulphuric acid* shows that, catalysts, such as 
!i 5 aP 3 ’ usually have little catalytic effect at temperatures below 
400 C and maximum effect at about 600° C. The effect of such 
catalysts on the formation of SO, at different temperatures could 
thus be represented qualitatively by B of Fig. A. 

It can be seen that Mr. Harlow’s results are in .excellent 
agreement with the qualitative theory outlined above, and I 
consider that he has proved his point. e 

The formation of sulphuric acid in a flue gas is also explained 

(G^;^ > an 1 d^?^. anufacture of SuI P huric Acid (Contact Process),” 1925, p, 90, 
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by Messrs. Ryland^and Jenkinson onthe basisof acatalytic theory. 

I should like to make the following comments on this paper: 

(a>It if unlikely that ferric sulphate at the surface of econo¬ 
mizer tubes would fte at a high enough temperature to have an 
appreciable catalytic effect on the formation of S0 3 . 

(b) The authors assume that aluminium sulphate deposited 
when a sulphuric acid solution is concentrated, will be in a 
hydrated form. They show no experimental evidence, however* 
that the solid phase in equilibrium with sulphuric acid solutions 
of aluminium sulphate is hydrated A1 2 (S0 4 ) 3 . The* results of 
Dobbin and Thomas* suggest that the solid phase in equilibrium 
with a saturated solution of A1 2 (S0 4 ) 3 in 10% H 2 S0 4 is the 
anhydrous salt at 50° C. In the absence of evidence to the 
contrary, therefore, we would expect the solid phase under the 
conditions on economizer tubes to be the anhydrous salt. 

As it stands, therefore, the explanation offered by Rylands 
and Jenkinson for bonded-scale formation appears to be based 
upo‘n dubious evidence. 

Mr. J. E. O’Breen (communicated): I should be obliged if 
Mr. Harlow could give some information about one point, not 
mentioned in the papers, and which was not brought up at the 
verbal discussion. Has he examined whether the dust concen¬ 
tration in the flue gases or the size of the dust has any influence 
on the actual dew formation and the resulting deposits on 
economizer and air-heater surfaces? 

It is often said that fog and mist form more easily when the 
air contains large quantities of dust and smoke; if this is true, 
then it also seems likely that the formation of dew from S0 3 
is ^speeded up by dust in the flue gases. If the dust could be 
removed from the gases at a point where the temperature was still 
above the dew-point, then a condition of over-saturation without 
actual* dew formation might occur when the temperature dropped 
below dew-point, and the bad effect might be reduced. In any 
case the removal of the larger dust particles, say those of 40 
microns and more (flue dust in stoker-fired boilers is nearly 
all of this size) would considerably reduce the formation 
of bonded deposit. On page 86 Messrs Rylands and 
Jenkinson say, referring to the 8 stages in which deposits are 
found to take place, that “if any of these stages can be inhibited, 
the subsequent stages can be prevented from occurring.” Re¬ 
moval of the dust or part of it will at least reduce the effect of 
stages (d), (e), </), (g) and (A), and I am of the opinion that for 
this reason it should be recommended. 

The general design of the majority of. types of dust collectors 
flsed in power stations in this country is such that they are not 
suitable for installation before the economizer or air-heater. In 
America a tubular dust collector has been developed in recent 
* years which is very suitable, owing to the size and shape of the 
inlet and outlet connections, for installation before the econo¬ 
mizer or dfr-heater, and it is now being made in this country. 
Unless the investigation carried out by the authors leads to 
methods of operation whereby the heating surfaces are kept 
clean under all conditions, it seems advisable to give serious 
consideration to the installation of dust collectors before the 
economizer, or in any case before the air-heater, instead of after 
the heat-absorbing surfaces, which at the present time seems to 
be their most favoured position. 

Mr. C. # S. T. Paid Both papers refer to a 

catalytic action as being responsible for the conversion of the S0 2 
in the gases to S0 3 : and Mr. Harlow suggests that the scale on 
the superheater tubes is the catalytic agent. 

There’are several stoker-fired boilers having superheat tem¬ 
peratures of 800-850° F, with which no trouble due to high 
•dew-point is dkperienced, and in view of the fact that the same 
high superheater temperatures also exist in boilers which are 

* J.T. Dobbin and L. C. Thomas : Journal of Physical Chemistry^ 1937, 41, p. 655. 
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pulverized-fuel or oil fired, I do not think that it is correct to 
draw the conclusion that the high superheat temperature and 
scale are solely the causes of the trouble. Furthermore, one of 
the worst cases on record for trouble of this nature is a chain- 
grate stoker-fired installation in which the superheat temperature 
is only 750-780° F. I think that the factor primarily responsible 
for the S0 2 -S0 3 conversion is the nature of the grit obtained 
from thin fuel beds with a high velocity of air through the 
fuel bed. As one speaker explained, by spraying the coal with 
milk of lime or powdered lime to counteract the catalytic action 
of the grit, the rate of production of S0 3 can be appreciably 
reduced. However, I understand that this practice has not been 
continued at the station at which it was first applied. 

That the rate of production of S0 3 has been found to be 
dependent on the rate of firing, i.e. a combination of draught, 
stoker speed, and fuel-bed thickness, indicates that it may be the 
method and degree of combustion which is primarily responsible 
for the particular nature of the grit in acting as a catalyst. One 
difference between stoker firing and pulverized-fuel firing is the 
method of introducing the preheated air into the furnace. For 
stoker-fired units, would it not be better to reduce the velocity 
of air through the incandescent section of the fuel bed, and apply 
highly-preheated secondary air oyer the rear of the stoker, the 
allocation of the total air being approximately 50%, say, at 600°- 
700° F above and 50 % below the grate at the more usual air 
temperature of 260-300° F? 

Since the attainment of a high cycle efficiency by means of 
high pressures and temperatures is in practice only worth While 
when accompanied by regenerative feed heating, it is little short 
of ridiculous to propose the elimination of the air-preheater; as, 
has been suggested in some quarters. 

It is significant that in S0 2 waste-heat boilers one of the 
methods adopted to avoid corrosion is to use tubes with extended 
heating surface of cast iron to enable the heat from , the gases 
to be extracted rapidly. 

The use of cast iron for the elements of air-preheaters does 
not appear to haye been so widely used in power stations as it 
might be, having regard to its adoption in other industries for 
much the same purpose. 

Mr. H. E. Waflsom (communicated): Whether the two papers 
have common connection, namely the dew-point of the gases, 
is a subject for controversy, but there can be no doubt whatever 
that they are in agreement in tracing the common origin of 
deposits both in economizers and preheaters to sulphuric acid. 

It is not clear from their paper whether Messrs. Rylands and 
Jenkinson consider it essential (1) that before these deposits 
can accumulate, ferric sulphate must first be formed on the 
metal Surfaces by the attack of sulphuric acid, or (2) that the 
aluminium sulphate is formed only on the economizer. Both 
these assumptions are incorrect, for if a water-cooled glass 
surface is inserted into the gas stream before the economizer- 
for only a few minutes, an appreciable amount of water-soluble 
aluminium salts and, to a lesser extent, iron salts is deposited. 

Many experiments have confirmed Mr. Harlow’s statement 
that, except in some special circumstances, the greater pro¬ 
portion of the sulphuric acid is formed in the passage of the 
gases through the superheater. From the boiler outlet to the 
stack there is in general a reduction in the percentage of sul¬ 
phuric acid in the gases; a reduction much greater than can be 
accounted for by the deposition on economizers and pre-heaters. 

A recent experiment with water-cooled glass surfaces at the 
outlet of boilers equipped with two-pass, horizontal, inter-deck 
superheaters fully confirmed Mr. Harlow’s views; in every case 
up to three times as much acid and sulphates were deposited 
on the tubes opposite to the hotter sides of the superheaters. 

Mr. E. Watkinson (« communicated ): At least one assumption is 
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common to the two papers, namely that SO. is responsible 
for the beginning of the trouble. It is also generally agreed 
that trouble from bonded deposits and high-temperature dew¬ 
points has materially increased in recent years. Running 
parallel with this condition is the feet that both superheat 
temperatures and the amount of bare water walling has also 
increased. Can it be that an excess of water wall is responsible 
for reducing the temperature of the combustion chamber adjacent 
to the walls, to such an extent that it is possible for S0 3 to exist 
in the actual combustion chamber? If there is anything in this 
theory, then one would expect boilers with narrow combustion 
chambers and a large amount of water wall to give more trouble 
than wide combustion chambers and a small extent of water wall. 

The authors all agree that pulverized-fuel-fired boilers are 
practically immune from these troubles; is not this owing to the 
fact that under these conditions of firing turbulence is created 
in the combustion chamber? By this means the products of 
combustion are thoroughly mixed and therefore at a uniform 
temperature throughout. This fact would ensure the absence 
of S0 3 in the combustion chamber except in minute quantities, 
fnd thus account for the general immunity of pulverized-fuel- 
fired boilers from high dew-points. 


If it could be established that turbulence was essential in the 
combustion chamber, one might achieve this result in the case of 
stoker-fired boilers by introducing above % fire approxufiatelv 
25% of the total air supply, preheated to a relatively high 
temperature. To obtain this high preheat a secondary air- 
heater would have to be installed before the economizer, in addi¬ 
tion to the usual primary air-heater following the economizer" 
The introduction of this highly-preheated air would shorten the 
flame produced, and eliminate the danger of delayed combustion 
around the-superheater tubes. If the scale formed on the super¬ 
heater tubes is detrimental because of its catalytic properties 
this is another reason why scaling should be avoided if at all 
possible. In this respect it would probably be beneficial to have 
large superheaters situated farther away from the combustion 
chamber. 

There seems little doubt from the large amount of attention 
being given to this important problem that the quantity of 
bonded deposit and the high dew-point will gradually be reduced 
and probably eliminated. It must be remembered, however 
that whilst there is sulphur in coal we shall always have to guard 
against low dew-points, and in this respect it would appear that 
cast-iron air-heaters will prove the solution. 


THE AUTHORS’ REPLIES TO THE DISCUSSION AT THE JOINT MEETING OF THE INSTITUTION 

WITH THE INSTITUTION OF MECHANICAL ENGINEERS 


Messrs. J. R. Rylands and J. R. Jenklnson (in reply) : We agree 
with Mr. Adams that the larger problem of boiler availability 
and of bonded deposits in general is complex; our contribution 
relates only to the problem of bonded deposits in economizers, 
but the same method of approach may also prove useful in 
dealing with the complexities of the larger problem. 

Mr. Adams regards the authors’ proposed preventive measures 
as being somewhat impracticable. But measures similar to 
those suggested have actually been used for some time. Given 
suitable design of equipment the practical difficulties largely 
disappear. Closely-pitched circular tubes, whether gilled or plain, 
are always a source of difficulty if deposit growth has been 
allowed to continue, but modern designs with fewer tubes and 

shallower tiers present fewer problems. 

In mentioning increased ratings, and especially increased rates 
of combustion per square foot of grate area, Mr. Adams touches 
upon an important aspect of the whole problem of boiler availa- 
bmty. Research into these aspects of boiler design and operation 
will undoubtedly throw a much-needed light on the source of 
many fouling troubles. 

. IThis Hne of inyestigation was also mentioned by Mr. Shake- 
shaft. If the S0 3 formed during combustion could be reduced 
to S0 2 , so ffiat the gases leaving the combustion chamber were 
free from S0 3 , the length of the “immunity period” coukf be 
expected to increase, perhaps indefinitely. We do not deny 
the possibility of the fprmation of S0 3 elsewhere in the boiler, 
out we suggest that all such reactions may depend in the first 
instance on traces of sulphate deposit. It appears that fine 
dust forms hard deposits more readily than the coarser particles. 
The artificial deposits that we produced were made from dusts 
of less than 60 microns, the finest dust giving the hardest 
and strongest deposits. We suggest that the elimination of the 
finer dusts from stoker firing would be a step in the right direction 
and, as a corollary, we regard coal ash with a very high fusion 
point as possibly having undesirable features. 

>• We are in full agreement with Mr. Fosbrooke’s contention that 
-increased boiler outage may entirely offset high thermal effi- 
ciency. On the other hand, we think it will eventually be possible 
to design stoker-fired equipment on such lines that many of its 
disadvantages jyill be overcome. 


In reply to Mr. Rees’s comments, we would emphasize that 
our paper relate to hard bonded deposits on economizers, and 
that the reactions described appear to occur almost ex¬ 
clusively in the limited economizer-surface temperature i$hge 
as found in “power-station practice.” We agree that artificial 
deposits having an appearance similar to those found in-prac¬ 
tice can be built up by methods other than those described, 
but we suggest that hard bonded deposits cannot be fomied by, 
for example, “thermal precipitation” or by “aerodynamic 
effects” alone. 

Again, we agree that some or all of the existing theories 
criticized by us may fit the facts in other parts of the boiler 
plant; we believe that the “fused ash” theory explains much 
of the phenomenon of “bird-nesting” and that the “dew¬ 
point” theory is important in the explanation of air-heater cor¬ 
rosion and fouling, also that the “sodium salt” theory may throw 
light on certain boiler and superheater deposits, but we insist 
that the aluminium-sulphate reactions are of dominant im¬ 
portance in the surface temperature range of approximated' 
250-500 F. Apparently the only type of reaction known to be 
common throughout the boiler plant is that involving SO, and 
the formation of iron sulphate in a greater or lesser degree, and r 
the various secondary reactions resulting therefrom. 

Mr. Jeffrey’s question as to the applicability of our find¬ 
ings to superheater tubes has, to some extent, been answered 
above. The method of approach to the problem is certainly 
capable of extension to superheaters, and has the advantage of 
eliminating apparently insuperable complexities. Superheater- 
surface temperatures appear to be too high for the occurrence 
of reactions closely similar to those in the economizer, although 
Barkley mentions that water vapour and S0 3 can exist in com¬ 
bination, even at 620° C. This possibly explains thi existence 
of some of the iron sulphate on superheater tubes. " * 

Mr. Lees suggests that moisture in the gases may influence the 
state of hydration of the alumina, and this may be a factor in 
the bonding of deposits. We doubt this influence of flue-gas 
moisture; the degree of hydration of the alumina particles se8ms 
to be largely a matter of their temperature, and to ke independent* 
of the ongmal moisture content of the fuel, whether fired on 

* J. F. Barkley: Bureau of Mines Technical Papers, No. 436, 1928. 
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stokers or in th§ pulverized form. We suggest that the ex¬ 
periences at Croydon are more likely to be related to the greater 
proportidh of fusedfly-ash particles than to themoisture in the fuel. 

On the other had’d, extra moisture in the gases may well result 
in troubles in the air-heater, where actual condensation may take 
place on the metal surfaces. This point was emphasized by Mr. 
Ulander. In some cases leakages from expanded economizer- 
tube joints have caused serious air-heater corrosion and blockage. 

We were interested to learn that Mr. Northall Laurie had 
successfully applied lime dust in an endeavour to .reduce cor¬ 
rosion, more particularly in the cooler portions of the boiler 
plant. The use of lime along with the fuel is unlikely to be suc¬ 
cessful; the high temperatures, in the combustion chamber 
probably prevent the formation of calcium sulphate. In fact 
fuels high in calcium content have been known to cause hard 
calcium deposits in the boiler passes. 

We welcome Mr. Forgan’s comments in support of our 
views, in particular his practical experience of early washing 
of heating surfaces; vye agree that availability is associated with 
combustion ratings. Mr. Knott’s experiences confirm our 
st atement that no tube form confers immunity from bonded 
deposits where conditions are otherwise favourable. The 
successive stages described by Mr. Knott conform well with 
the general theory. Regarding the temperature range, reference 
to Fig. 12 will show that a bonded deposit containing a fairly 
large amount of iron sulphate, together with some aluminium 
sulphate, may be expected to form in the surface temperature 
range 190-300° F. Such a deposit would usually prove quite 
apienable to water washing. 

fJlr. O’Breen suggests that good results might follow from the 
removal from the gas stream of particles larger than, say, 
40 microns. It is not unlikely that much smaller particles con¬ 
tribute largely to bonded-deposit formation. 

In reply to Mr. Manning, we would point out that we have 
not concerned ourselves primarily with high dew-points, and 
that in fact economizer deposits may form when the dew-point 
is quite low. Regarding comment (a), Section 2.5 refers clearly 
to the occurrence of sulphuric acid on tube surfaces, and we 
would point out that Mr. Manning’s suggestion is amtrary to 
the findings of other workers. It is possible that he is thinking 
' in terms of the catalysis of solids, whereas the theory we offer 
involves catalysis in solution. 

Comment (b) is not in accordance with the latest knowledge 
on the subject. There is experimental evidence that aluminium 

• Sulphate in acid solution is hydrated. The solubility curve, part 
of which is given in Fig. 5, should make this clear. The cycle 
described indicates that the hydrated sulphate, on being thrown 

* out of solution, is immediately dehydrated in the high-temperature 
gas stream, passing through the glutinous stage in the process. 
The question is, therefore, not whether the aluminium sulphate 
in the solid pljase in equilibrium with sulphuric acid is hydrated, 
but whether the solid separating from sulphuric acid is the 
hydrate. On this point there is excellent independent evidence, 
apart from the visual evidence afforded by our experiments in 
building up artificial deposits. 

We do not disparage die work of Dobbin and Thomas, 
but it should be known that the paper cited by Mr. Man¬ 
ning deals with Na^SO*. A 1 2 (S 04 > 3 .14H 2 0 and not with 
A] 2 (S0 4 ) 3 . 18H 2 0. Prof. Partington has stated that if alumina 
is dissolved in hot concentrated sulphuric acid, the liquid on 
cooling slowly deposits an indistinctly-crystalline mass of alu¬ 
minium sulphate A1 2 (S0 4 ) 3 .18H 2 0. This statement is based on 
experiments by Wirth in 1913 : while Smith* in 1942 gives the 
compositions A1 2 (S0 4 ) 3 .17H 2 0. The agreement between Snuth 


from concentrated sulphuric acid is the hydrate; in view of this 
evidence, we consider that Mr. Manning’s final paragraph is not 
in accordance with the facts. 

In reply to Mr. Paul, we agree that the more extensive use 
of cast-iron in air preheaters would probably reduce deposit 
troubles in that part of the steam-ienerating plant. As with the 
economizer, the problem is one of design and arrangement, and 
since cast-iron aii-heaters are usually more expensive and occupy 
more space than the conventional type, it may be some time before 
boiler designers and plant users accustom themselves to such a 
development. 

Mr. Wallsom’s experiment with a water-cooled glass probe 
does not necessarily indicate that the sulphates form in the gas 
stream. The fact that the probe was water-cooled makes it 
reasonable to suppose that a film of acid solution would form 
almost at once. Such a film would dissolve minute particles of 
dust, forming iron and aluminium sulphates. 

In regard to Mr. Watkinson’s query on the effect of turbulence, 
we hesitate to express a definite opinion. We imagine that the 
influence of water-wall surface on the reaction 


[S0 2 ] 2 [0 2 ] 
[S0 3 ] 2 


= K 


* Journal of the American Chemical Society, 1942, 64, p. 41. 


would depend on a time factor, and the gas velocities may be such 
that equilibrium is never attained. The use of secondary air in 
the way suggested has been the subject of experiment, but as far 
as we are aware, no conclusive results have yet been obtained. 

Mr. Harlow (in reply):* Having regard to the divergence of 
opinion which existed on this problem and considering that the 
explanation proposed appears to be new, it is gratifying to find 
such a wide measure of support from those in responsible 
control of boiler plants. 

With regard to Mr. Adams’s suggestion of the possibilities of 
acid production in much larger quantities in ways other than the 
passage of gases through the superheater, I can assure him that 
in some boilers at least the acid deposition obtained at the boiler 
outlet is as heavy as at any other point in the gas system, indi¬ 
cating that the gases can acquire all their undesirable properties 
in this respect before they leave the boiler. 

In my view, there is no doubt that the radiant-heat superheater, 
as suggested by Mr. Fosbrooke for the final superheating of the 
steam, would eliminate all but a negligible degree of catalytic 
effect; but, as he will appreciate, this type of superheater has its 
own problems-—not the least of which is the difficulty of main¬ 
taining the metal at a temperature within safe limits during low- 
load periods when the radiant heat from the furnace is much 
higher proportionately than the steam flow. This may not be 
serious in base-load stations if means are adopted for circulating 
steam through the superheater during starting-up periods. 
The matter, however, is really one for manufacturers who special¬ 
ize in this type of equipment, particularly the question of the 
availability of suitable steels. . ^ j 

' Mr. Fosbrooke’s suggestion of an independently-fired super¬ 
heater burning pulverized fuel is possibly another way of 
overcoming the difficulty, subject, of course, to the complications 
to which he refers. I cannot say whether an oil-fired ymit 
would be free from high-dew-point trouble, us no investigations 
have yet been made with the gases from this type of plant, but 
at present I see no reason to suppose that this would be the case* 

The foregoing suggestions, however, would not help to 
relieve existing plants, many of which are having iheir efficiency 

and availability seriously impaired through high dew-point 

• 

* This is an abstract of Mr. Harlow’s reply, which, will'be published in full in the 
Proceedings of The Institution of Mechanical Engineers. ® 
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conditions, and the suggestion of spraying the catalytic surfaces 
with an anti-catalytic agent or “poison” is put forward for what 
it is worth as a possible solution to this difficult problem. As 
Mr. Fosbrooke points out, the surfaces must of necessity be 
scavenged by soot blowers at frequent intervals, and for this 
reason it was suggested thdt the anti-catalyst be applied by 
them, since if the blowers are capable of reaching the whole of 
the superheater surface for cleaning purposes, they are equally 
capable of contaminating it to the same extent with any material 
which the steam can be made to carry. 

It is well known that catalysts are extremely susceptible to 
“poisons” even in minute amounts, but whether the inhibitive 
effect of lime and pulverized-fuel dust, as shown by the experi¬ 
ments, is due to “poisoning” of the catalyst or whether this 
merely results from the formation of an impervious coating which 
prevents diffusion of the gases to the oxide surface, is not yet 
clean In any case, a comparatively thin coating appears 
sufficient to stop the action. Experiments are proceeding on 
determining the minimum coating of lime or pulverized-fuel ash 
which will immunize the surfaces sufficiently to be of practical 
value in preventing trouble. 

It is interesting to note that Mr. Thornton and Mr. Manning 
have actually measured the surface temperature of their super¬ 
heater tubes. I think it will be agreed, however, that the figures 
given would not necessarily hold good for all superheaters, and 
that in tubes which were, to any appreciable extent, coated by 
internal deposits, or starved of steam, the surface temperatures 
would be very much higher. For these reasons, amongst others, 
the actual steam temperature is not always a correct indication 
of the maximum surface temperature of the tubes. Where 
superheat tube failures* are frequent, it is evident that the tubes 
must often attain a temperature very much higher than 50-80° F 
above that of the steam. Where flame impingememt takes place, 
the temperature of the oxide is very problematical and it is 
obvious that local temperatures may be set up which differ 
greatly from those deduced from the steam temperature. 

Mr. Rees considers there are other possible methods of sul¬ 
phuric-acid formation and implies that its origination in the fuel 
bed or combustion chamber must not be discounted. This 
view has been widely held despite surprisingly little evidence to 
support it. Many investigations have been made by my com¬ 
pany of both SO 3 content and dew-point conditions throughout 
modem boiler units, and in no case has any extremely high 
dew-point been found in a furnace outlet or combustion chamber. 
It is true that some slight elevation has been noticed in the 
former, but this could be explained by the catalytic action of the 
furnace walls. 

I do not claim that my conclusions have any bearing on the 
superheater trouble to which Mr. Jeffreys refers, which I believe 
to be due to independent causes, since superheater deposits are 
encountered with and without high-dew-point troubles. 

It is not clear why Mr. Ross considers it unfortunate for the 
boiler makers that he cannot find any arguments against the 
technical evidence submitted in the paper, particularly as the 
results of the investigations show that the responsibility for this * 
trouble rests largely with the nature of the fuel. For a given 
boiler the amount of acid formed will depend on the amount of 
sulphur fed to the furnace, and if this can be reduced the acid 
formation and dew-point will be proportionately lowered. It is to 
be hoped that coal research will result in a considerable reduction 
in the sulphur content of the fuels supplied to power stations! 

Dr. Taylor disparages my conclusions on many grounds, 
most of his criticisms being unfortunately based on false assump¬ 
tion He suggests that in the experiments the gases were very i 
much cooler, contained much more air and different flue ibHds 
from those on,a large-scale plant, and that the time of contact 


between gas and catalyst was much greater than in practice 
Actually the condition of the gases was closely comparable 
to that in actual practice, while with regard to the time^of contact 
Dr. Taylor appears to have overlooked the fact that, although 
the velocity of the gas was somewhat lower, its length of path 
over the catalyst was correspondingly less than in practice, and 
when this is taken into account the contact period is almost 
identical with that of the gases in the superheater of a modern 
boiler. This was intentionally arranged. 

He also suggests that the refractory scale is really the important 
catalyst, as the iron oxide is normally covered by deposit. If 
this were correct only heavily-coated tubes would produce high 
dew-points, since the external scale only acquires catalytic proper¬ 
ties at temperatures 200-300° F higher than the oxide, and a 
considerable thickness would be necessary to raise the surface 
temperature by this amount. Lightly-encrusted tubes, therefore 
would be unaffected. In practice this is not the case, since 
boilers often develop high dew-point troubles immediately or 
soon after they are put back into service following cleaning. 
Whatever the mechanism operating, the* fact remains that the 
scale appears to permit catalysis to take place, whereas a coating 
of pulverized-fuel dust, which differs both physically and chemi¬ 
cally from the scale, greatly hinders the action. 

Dr. Taylor claims knowledge of a boiler similar to that shown 
in Fig. 7 in which the air-heater is affected in the opposite manner. 
In this case the unit must obviously be unsymmetrical in some 
feature of design or operation to account for only one of the 
air-heaters choking, so that it is not suitable for judging this 
question as the effect of the differential superheat on the air- 
heater may be masked by other opposing factors. 0 “ 

In Mr. Northall-Laurie’s experiments in neutralizing the 
acidity of the flue gases by the continuous injection of powdered. 
lime it is suiprising that such a relatively small proportion was 
effective. This method, however, aims at counteracting the 
effect of the oxidation of the S0 2 rather than removing the cause, 
which is the object of the proposals I have put forward. 

Replying to Mr. O’Breen, I do not think the separation of 
dust from the gases would greatly reduce their tendency to 
condense their acid content, since dew-point temperatures 
measured on filtered gas samples check quite well with those 
determined on the dust-laden gases. Although the use of a dust 
filter before the air heater would, of course, reduce the solids 
deposited in the air heater, the acid would still form with the 
resultant corrosion effects. _ 

Much has been said about the complexity of this problem, buC; 
in my view it presents no exception to the rule that occurrences 
which at first appear to have an abstruse and complex explanation 
are often proved capable of a comparatively simple one. The * 
chemical and physical changes which take place in the difierent 
parts of the boiler system as a result of reactions between the 1 
sulphuric acid and the many constituents of cpal ash, at the 
various temperatures which prevail, may be complex and 
numerous, but the important fact—the reason for the acid forma¬ 
tion—is not difficult to understand. 

It has often been suggested that'in order to avoid these dew¬ 
point troubles the air-heater be eliminated and the final heat 
extraction from the gases be left to the economizer, notwith¬ 
standing the increased stack loss which would be incurred. In 
fact, this, was the trend in American design some years r ago. 
This readiness to sacrifice heat to the stack gases, however, is in 
strange contrast to the general reluctance to forgo the advan¬ 
tages of increased steam temperatures. 

Even if the elimination of the air-heater would remove the 
difficulty, which is by no means certain since the economizer may J 
also be affected, the problem would still resolve itself into a choice 
between rejecting heat to the stack or to the cooling tower. 
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SUMMARY 

The paper describes a design of star-delta starter for squirrel- 
cage motors, the application of which enables this type of machine to 
be used in many fields where a islip-ring motor has formerly been 
essential. 

The investigations which prompted the development of this starter 
and the subsequent tests and deductions are discussed, with particular 
reference to centrifugal and similar forms of pumps. 


(1) INTRODUCTION 

In the course of investigating difficulties which were being 
experienced with the starting of electrically-driven pumping 
machinery, the author found it necessary to examine in some 
detail the electrical and hydraulic phenomena which occur 
during the starting of centrifugal and kindred pumps. 

In a pumping station in which were installed a number of 
pumping units automatically started and stopped by changes in 
water-level, the motors were of the 3-phase double-wound 
squirrel-cage-rotor type controlled by contactor-type star-delta 
starters. It was found that the current during the starting period 
was higher than had at first been anticipated, with the result that 
the overload releases in the starters had to be provided with 
special retraining devices to prevent tripping under normal 
conditions of starting. It was further observed that the high 
current-peak occurred when the motor connections were auto¬ 
matically changed from star to delta. This phenomenon was 
found in installations where the motors were of the simple 
squirrel-cage type as well as where the rotors were of special 
design to limit the starting current. 

Consideration showed that such phenomena must take place 
for the following reasons:— 

When an electric motor is directly coupled to a centrifugal, 
turbine or axial-flow pump and is in the process of being started 
up, the total torque developed by the motor consists of:— ; 

* (a) Torque to produce the pressure, etc., of the fluid contained 
within thepump,- . 

(b) Torque to overcome bearing and gland friction, etc. 

> (c) Torque absorbed in windage losses in the motor, etc. 

(d) Torque to accelerate the rotating masses of the pump and 
motor. # 

The speed o£ the motor increases until, if permitted to do so, 
it will reach a stable speed when star connected. This is the 
speed at which the total torque is absorbed by load and losses 
so that no accelerating torque is available. At this point the 
supply is disconnected from the motor. 

It is necessary that a reasonable length of time be permitted 
to elapse before the motor is reconnected to the supply, so as to 
avoid short-circuiting the supply through arcs formed at the point 
where the connections are broken. During this time the only 
energy available to prevent the set coming to rest is the kinetic 
energy of the rotating parts. In most cases it will be found that 
the % rate of absorption of this energy by the pump, and to some 
extent by the windage losses of the motor, is very rapid, so that 
•during the interval when no electrical energy is being supplied 
; ^ 

♦ Installations Section paper. t Gwynnes Pumps, Ltd. 

[I 


When the delta connection is made the motor is switched-on 
at a much lower speed than that at which it was disconnected, 
and consequently in- accordance with its characteristics the 
current taken is high. The torque developed is now considerably 
in excess of that prevailing when the connections were broken, so 
that rapid acceleration follows. In most cases this torque is 
the highest that can be imposed on the mechanical parts of the 
machine, and the current is also the highest that will be taken 
from the line. 


Fig. 1 shows the characteristics of a standard squirrel-cage 



s % Synchronous speed 


Fig. 1. —Current/speed and torque/speed curves for standard squirrel- 
cage motor driving centrifugal pump. 

motor coupled to a centrifugal pump in which practically all the 
pressure generated by the pump is •.dissipated in overcoming 
hydraulic friction in the piping. It will be seen that when con¬ 
nected in star the speed of the set will increase until it reaches 
a point where the pump torque coincides with the motor torque 
(A), the pump torque including the frictionof the pump, bearings 
and glands as well as that absorbed by the hydraulic operation 
of its rotating parts. ;; - .' 

^During the time when the electric supply is disconnected the 
speed falls from that at A to that at B, and when reconnected 
the motor will take the current indicated at C, the corresponding 
torque being shown at B. Had it been possible to change from 
star to delta instantaneously the current would have rjseii only 
to that at D and the torque to that at E, 

For the reasons given above, it will be appreciated that the 
shorter the to interval in changing from star to delta the less 
the current peak and the torque; but also, on account of the 
transient effect, the greater the likelihood of the delta-current 
peak being high. This transient effect is due to the fact that the 
magnetic field of the’ motor does not collapse immediately, a 
residual voltage persistingin the sta^^ which produces 

a large flow of current when connected to the supply if, as must 
frequently occur, the connection is made when the- residual 
woltage is out of phase with the supply voltage.* - 

* Journal IJZ.E.> 1943,90, tyxt H, $p. 147 and ft9. 

M : 'v - ^ - •• . ; *... 
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(2) EFFECT OF HYDRAULIC CONDITIONS ON STARTING 
TORQUE 

( 2 . 1 ) Conditions under which Pump Operates 

The starting torque of centrifugal and other velocity pumps 
may vary widely with the conditions under which the pump is 
operating, which may be as follows:— 

(a) With the discharge valve closed until the pump has at¬ 
tained its full speed, after which it is opened and the fluid allowed 
to flow. 

(b) With an automatic non-return, flap or reflux valve which 
opens when the pump generates a greater pressure than that due 
to the fluid standing in the discharge pipe. Here the torque 
characteristic will be similar to that with a closed discharge valve, 
until fluid begins to flow when the torque will increase rapidly. 

(c) In the case of a circulating system where all the head 
generated is absorbed in hydraulic-pipe friction and similar 
losses which are approximately proportional to the square of 
the rate of flow. 

(d) If the discharge piping is empty and is only filled up with 
fluid during the starting period. 

( 2 . 2 ) Starting-Torque Characteristics of Centrifugal Pumps 

The values vary somewhat with the design of pump but the 
curve is more or less of the same shape for all pumps of this 
class. 

Fig. 2 illustrates the above conditions as applied to a normal 



• % Normal pump speed 

Fig. 2,—Torque/speed curves for typical centrifugal pumps under 
three conditions of pumping. 


form of centrifugal or multi-stage pressure pump, from which 
it will be seen that with star-delta starting the last-mentioned 
condition—of filling the discharge pipe—is the most onerous, 
while if the discharge valve is not opened until the pump has 
attained its full speed the motor may reach a high speed in star 
connection before being changed to delta. 

In the type of pump discussed the h.p. absorbed when running 
at a constant speed is a minimum with a closed discharge valve 
and increases as the flow increases, but not necessarily according 
to any simple law. • 

(2.3) Starting-Torque Characteristics of Axial-Flow and Mixed- 
Flow or Screw Pumps 

In axial-flow pumps the h.p. is much higher when the dis¬ 
charge valve is closed than when discharging under its most 
efficient working condition. This h.p. may be of the order of 
^? e I® 1 ® power absorbed under maximum-efficiency conditions.. 
Ibwfll therefore be appreciated that difficulties arise in attempting 
to start a pump of this? description against a closed valve. 


The axial-flow pump, which is often used fqr land drainage or 
irrigation, is frequently of the vertical-spindle type with a non¬ 
return valve. Therefore it has to generate sufficient pi'esstfre to 
raise the water-level to a fair height before the valve opens and 
any appreciable discharge takes place. Fig. 3 illustrates such a 



Fig. 3.—Torque/speed curve for axial-flow pump. 

characteristic curve. It will be appreciated that the torque rises 
rapidly to point A, after which die water flows and the torque 
increases more slowly to point B. The chain-dotted extension 
of the curve shows the torque which would obtain if the valve 
remained closed. 

Mixed-flow or screw pumps are somewhat of a compromise 
between the centrifugal and the axial-flow types, and conse¬ 
quently their starting-torque characteristics are intermediate. 
The power absorbed by the pump at closed valve may tfe approxi¬ 
mately the same or slightly moref than the normal power at the 
maximum efficiency of the pump. 

(2.4) Slowing-Down between Star and Delta 

Fig. 4 shows how rapidly the speed of a pump falls after 
switching off. These curves were prepared from calculated 
figures, and the time of coming to rest added from actual observa¬ 
tion of a 6 in double-inlet split-casing centrifugal pump driven 
by a 15 h.p. 6 -pole squirrel-cage induction motor. 

Curve A indicates the conditions when operating with the dis¬ 
charge valve closed [Section 2.1(a)]. Curve B shows the con¬ 
dition where the whole of the pressure generated is absorbed in 
friction and similar losses [Section 2.1(c)). In this particular 
case it is observed that if the motor attains 83% of synchronous 


100 



Thne, seconds ® 

Fig. 4.—Fall-of-speed/time curves for 6 -in centrifugal pump and 

motor. 
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speed in star, and if the interval between breaking the star con¬ 
nection and makfhg the delta connection is 0*4 sec, the speed 
will have^dropped to 65% of synchronous speed. 

Similar conditions apply to all combinations of pumps and 
motors, but it will be appreciated that since the power absorbed 
by a particular pump is roughly proportional to the cube of its 
speed, whereas the stored kinetic energy is only proportional to 
the square of the speed, a greater slowing-up effect will be ex¬ 
perienced with higher-speed pumps and therefore the greater 
wil? be the current peak when the delta connection is made. 


phase. This results in an increased voltage across the windings. The 
dip in the current curve is due to an alteration in the voltage 
phase-angle when the connections are changed from star to delta. 
It only occurs for a fraction of a second and does not appreciably 
affect the torque. This reduction in current is finite and i» not a 
transient. Acceleration then takes place to a higher steady speed 
with corresponding decrease in current. 

Step A —The three resistors are short-circuited so that the motor 
windings are now connected in delta. The voltage on the windings is 
increased to full line value, the current rises, and further acceleration 
takes place with decreasing current until the machine attains its final 
steady speed. 


(3) CONCLUSIONS FROM PRELIMINARY INVESTIGATIONS 

When starting a motor that drives a machine in which the 
torque developed is absorbed partly in acceleration and partly in 
some other form of work, it is evident that slowing down must 
take place if the supply of electrical energy is temporarily cut off, 
and that the current taken when reconnection is made must 
depend upon the extent to which the speed is reduced. This 
effect is pronounced in the star-delta starting of motors driving 
centrifugal and axial-flow pumps and fans, where this form of 
starting is frequently employed. The current peak may be con¬ 
siderably enhanced by transient effects due to residual voltage 
persisting in the stator winding which may be out of phase with 
the supply when the delta connection is made. 

It will be seen that if the time during which the supply is inter¬ 
rupted is comparatively long, the current at reconnection will be 
high owing to the reduced speed of the motor; on the other hand, 
if the time of interruption is short the transient currents may be 
higher, but of course their value is erratic as it depends upon the 
residual voltage and its phase relationship to the supply. Further¬ 
more the time cannot be reduced below a certain limit without 
the jisk of short-circuiting the line connections in the switch. 

Similar conditions occur with auto-transformer starting, the 
slowing down occurring during the transition period. This does 
not apply to the Korndorfer auto-transformer starter, in which 
part of the transformer winding is used as a choke to maintain 
a limited supply of energy to the motor during this period. 

(4) MODIFIED FORM OF STAR-DELTA STARTER 
(4.1) Starting Sequence 

A starting sequence has been developed by the author in which 
the connections can be changed from star 
to delta without a break in the supply to the 
motor and without the voltage across the 
windings being diminished below the star 
voltage. By this means current peaks are 
i minimized and the usual transient effects are 
eliminated. 

Fig. 5 shows the four starting steps, the 
current tatcen from the line, and the current 
in the windings. It will be seen that the 
sequence is as follows:— 

Step 1—The motor is connected in star in the 
ordinary manner and the machine permitted to 
run until a steady speed has been reached. , 

Step 2—A resistor is connected in parallel 
with eachtrf the motor windings. The current 
front the line is increased by the amount passed 
by these resistors but the current in the windings 
remains unaltered. The duration of this step 
can be as short as mechanically possible as there 
is no change in the running conditions of the 
motor during this period. 

9 Step 3—The star point is now opened in such 

a manner that the motor windings are in 
delta but have a resistance in series with each 


Fig. 6 is a schematic diagram of the connections described 
above. 

(4.2) Starting Resistances 

The values of the resistances influence the starting-current peaks 
in the following manner:— 

Step 2—The current passed by the resistors which are connected 
across the line added, with due regard to power factor, to the motor 
current represents the peak current on Step 2. 

Step 3—The same value of resistance must be considered as being in 
series with the windings which are connected in delta; consequently 
the current taken from the line at the commencement of this step is 
dependent to some extent on this value. 

Step A —The voltage across the windings is now increased by the 
drop in potential across the resistors which was obtaining before the 
latter were short-circuited, and the current rise is therefore again de¬ 
pendent upon the values of the resistances. 

The resistances selected for a motor and starter may be deter¬ 
mined by finding the most onerous conditions of starting torque 
which are likely to be experienced and adjusting the values so that 
the peak current on Step 2 is equal to that on Step 4, which will 
consequently provide the lowest maximum peak over the starting 
condition. 

Where the load is relatively light such as in starting unloaded 
machine-tools or other plant where the torque is chiefly absorbed 
in the acceleration of moving parts, the motor runs up to a 
fairly high speed in star with consequent low current, and a high 
value of resistance can be selected so that the current on Step 2 
is no greater than the initial switching-on current of Step 1. 
Step-3 peak will probably be no greater than Step-2 peak, and 
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Fig. 5._ Starting sequence of modified star-delta # stafter.^ 
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of frictional losses such as would be experienced in a pipe-line 
or through condensers, etc., and it will be remembered that the 
power absorbed by a centrifugal pump running at & constant 
speed is reduced as the head is increased. It>is therefore possible 
by this arrangement to simulate various hydraulic-load conditions 
by altering the sluice valve opening. 

The oscillograms in Fig. 7 show the performance with the two 
types of starter and were taken when the sluice valve was ad¬ 
justed so that the power absorbed by the motor when it attained 
full speed was approximately its full rated load; consequently 
they indicate similar conditions to those shown on the curve in 
Fig. 2 marked “All Friction Head [Condition 2.1(c)]. 9 ’ This 
corresponds to an onerous condition of starting which is usually 
encountered only in circulating systems where there is no static 
lift of the fluid. 

The oscillograms shown in Fig. 8 were taken when the pump 
was started up in a primed condition but with the discharge valve 
closed. 

Here it will be observed that with the normal starter the peak 
current is still high at change-over, but that with the modified 
starter it never rises above the switching-on current in star; in 
, fact, the final peak caused by Step 4 is not discernible. This 
condition is frequently met with in practice, and the maximum 
peak does not exceed 190% of full-load current. 

Fig. 9 shows the current plotted on a time-base during the 
starting-up of a centrifugal pump with the valve fully open and 
without static head. The dotted line shows the performance 
with a normal star-delta starter and the full line the operation 
with the modified starter. 

Fig. 10 shows the speed and torque curves with the two forms 
of starter operating under these conditions. 

. It should be noted that with the normal starter, after change¬ 
over—during which the torque has fallen to zero—the torque 
suddenly increases to a high value, whereas in the modified 
starter the increments of torque are relatively gentle. 

(5.2) Motor Driving Unloaded Machine-Tool 

Where the motor is driving an unloaded machine-tool or 
similar plant involving gearing with a certain amount of backlash 
this effect is even more marked. It will be appreciated that 
many machines are driven by motors which never have to exert 
more than full-load torque when running at full speed, but 
that with star-delta starting the torque may rise to 2£ times 
full-load torque or more in the form of a quick take-up of back* 
lash, and that this condition represents the highest stresses 
which at any time are imposed on the gearing, etc. 

It therefore seems reasonable to assume that the cost of main- * 
tenance of such machines can be reduced by employing a starter 
in which the torque is limited to smaller values and the mechanical 
shocks are eliminated. The lower the load on the motor at 
starting the more gentle are the increments of torque in the case 
of the modified starter. r 
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Fig. 6.—Continuous-torque star-delta starter. 

Step-4 peak will consequently be quite low since the change in 
voltage when the resistance is short-circuited will be quite small 
owing to the low load-current. 

It will be seen that the higher the resistance the lower peaks 2 
and 3 but the higher peak 4, and vice versa. That the value 
of these resistances is not critical will be observed from test 
results described’later. 

(5) DESCRIPTION OF TESTS AND DEDUCTIONS 
(5.1) Motor Driving a Centrifugal Pump 

Comparative tests have been carried out on a 15-h.p. squirrel- 
cage motor.driving a centrifugal pump and started by means of 
a normal contactor star-delta starter and by the modified starter. 

The oscillograms taken are shown in Fig. 7(a) with normal 
star-delta starting, and 7(b) with the modified form of starter.* 
Fig. 7(a) shows the manner in which the current falls to zero 
during change-over and then rises to a high value when the delta 
connections are made. 

The pump was arranged to draw water from a tank and dis¬ 
charge it back into the same tank, the rate of flow being con¬ 
trolled by a sluice valve in the discharge pipe. The effect of 
working with a partially-closed discharge valve is to create an 
artificial head which is equivalent to the presence in the system • 


(5.3) Variation of Starting Resistance 
Tests were carried out to enable comparisons to bejmade with 
different values of resistance. Fig. 11 shows the results of these 
tests with 5, 6-25 and 7-5 ohms per phase respectively, andTindi* 
cates that with a high resistance the second peak is reduced at 
the expense of the higher third peak but that with a low 
resistance the second peak is much, higher than the third peak. 
It is observed that, in general, the peaks at Steps 2 and 3 are 
owing to the short time-inteSival, that for 
practical purposes they may be considered as ofie, and for 
clarity the momentary dip has not been shown. 
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(6) OTHERMETHODSOFSTART- 
ING SQUIRREL-CAtJE MOTORS 
The/ollQ»ring is a brief outline 
of the usual method# of starting 
squirrel-cage motors:— 

(6.1) Direct Connection to Line 
Squirrel-cage induction motors 
may be started by switching direct 
to liqp, in which case the normal 
current may be six or more times 
the full-load current. This peak 
may, however, be considerably 
reduced by employing high-resis¬ 
tance or high-reactance squirrel- 
cage windings, or by various 
ingenious forms of double-wound 
squirrel-cage rotors which, while 
limiting the starting current, main¬ 
tain a reasonably high torque. 

But these features usually involve 
a lower efficiency and frequently a 
lower power factor than those ob- 



Flg. 7.—Starting current of 15-b.h.p. motor driving a centrifugal pump. Valve full open, no static head. Line current at 50 c/s, 400 volts, 
(a) With standard starter, <P) Wifr modified starter, Resismoela starter olwas. 
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tained withfL normal form of rotor, and it is rare that the starting 
current is much less than four times the full-load current. Such a 
high peak may be objectionable to the electricity supply 
authorities. . - 

(6.2) Auto-Transformer Starters 
With auto-transformer starters the initial peak current may be 
feduced, but tffis has the effect of increasing the second peak 
which can be quite high owing to the slowing down of the driven 
machine in the manner described in Section 2.4. 


W^ith the Komdorfer auto-transformer starter a continuous 
torque is applied, although in many cases when the transfo^ 

Is operating *as a reactance during the transition period the 
torque is somewhat reduced. This design, however, does 
eliminate the transient effects. 

(6.3) Star-Delta Starting with Sectionalized Stator Windings 
The effect of slowing-down has been recognized amongst 
continental manufacturers, and, although the author is unaware 

• • 4 •■■■■ • 
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of actual instances, he understands that 
equipment has been designed in which 
the stator winding is divided into two or 
more sections; first all sections are con¬ 
nected in star, and then each section in 
turn is reconnected in delta. 

(6.4) Stator-Resistance Starting 
Stator-resistance starting is sometimes 
employed, but this has the disadvantage 
of limiting the starting torque of the 
motor to a marked extent. 

(7) APPLICATION OF SQUIRREL-CAGE 
MOTORS WITH MODIFIED STAR- 
DELTA STARTERS 
(7.1) Types of Load 

The iriodified starter is suitable for 
drives in which the torque developed by 
the motor when star connected is ample 
to accelerate the driven machine, as is 
the case with centrifugal pumps and 
fans, and in many instances with axial- 
flow pumps and fans. It is also suitable 
for starting unloaded machine-tools in 
which the frictional torque is less than 
the torque developed by the motor in 
star, the acceleration taking place 
smoothly and without shock to the 




Fig. 8. Starting current of 15-b.h.p. motor driving a centrifugal pump. Valve closed, no static head 
: W With standard starter. (6) With modified starter. Resistance in starter 6fcohms. ' 

~ tM (7,2) TypeflfMot#r (7.3) Effect on Line Voltage 

high value during the acceleration ™JLl in d * a £ the ' advanta § e that the increments of current taken from the 

S . . rat1011 56110(1 m sta r> corre- hne may be limited to twice full-load on switching-on and two 
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Standard starter ill 


Modified starter 


0 50 100 150 200 250 300 350 400 450 5Q( 

Time, cycles 

Fig, 9.—Starting-current/time curve of 15-b.h.p. motor driving cen¬ 
trifugal pump. Valve full open, no static head. 

- Modified starter. 

-Standard starter. 

further incrernents of about half full-load, whereas with the normal 
star-delta starter the current increment may be also twice full-load 
on the first step but 5-6 times full-load on the second step. 
Voltage fluctuations on the supply mains 

during starting will be considerably reduced, 300 r- r ~ "t 

owing not only to the limitation of the peaks * 

of current but also to the absence of the W 

interruption of the load on the mains during _ 1 

change-over. | 


(8) CONCLUSIONS 

It is well known that the squirrel-cage 
motor is more robust than the slip-ring type 
and that its first cost is much lower. In 
many cases, however, the slip-ring type has 
been employed in order to restrict the peak 
starting-current to values which will not 
cause undue fluctuations in the supply 
voltage. In other cases consideration, of 
mechanical shock during starting, low effici¬ 
ency, or low power factor has made it neces¬ 
sary to use the slip-ring type notwith¬ 
standing its disadvantages, which include 
wear of slip-rings, maintenance of brushes, 
etc. 

It is hoped that by the use of the modified 
form o£ star-delta starter described in this 
paper the highly efficient squirrel-cage motor 
with its high power factor and robust con¬ 
struction can be employed in many cases 
where hitherto ^lip-ring motors or squurel- 
rotors* specially designed to give low starting 
to be used. 

These advantages are achieved by the use 
may use standard parts throughout and is 
than the normal slip-ring motor starter. 


(b) Speed 


Standard started] 


Modified starter 


* 0 50 100 150 200 250 300 350 400 450 500 

Time, cycles 

Fig, 10.—Torque and speed curves for 15-b.h.p. squirrel-cage motor 
driving centrifugal pump. Valve full open, no static head . 4 
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Fig. 11. —Current peaks with various values of resistance. 15-b.h.p. motor driving cen¬ 
trifugal pump. Valve full open, no static head. 
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MAINTENANCE OF DISTRIBUTION PLANT AND MAINS ON A.C. -NETWORKS* 

By F. N. BEAUMONT, B.Sc.(Eng.),f and F. A. GEARY,t Associate Members. 
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1943; also before ^Northern Ireland Sub-Centre 11 th January , before the Tees-Side Sub-Centre 2nd February, before the Scottish Centre 
8th February , before the North Midland Centre 22nd February, and before the North-Eastern Centre 21th March , 1944.) 

SUMMARY they are grained by the undertaking concerned. In this" way 

The importance of efficient maintenance of all plant for electricity apart from receiving training in the undertaking’s own methods; 
distribution is paramount, for upon this depends its satisfactory per- they acquire invaluable local knowledge, 
fonnance and immunity from failure within itself. With a centrally sited department carrying out maintenance 

In this paper the authors discuss the influence of design and layout of plant on a network of distributing stations and transformer 

Sbution er^er 11 mamtenanCe P r °S ramme - as viewed b y the chambers, the staffing and operating arrangements permitting 
1S The U experie^ e of several London undertakings having under- the utilization of maintenance man-hours on site to the maximum 
ground cable systems for transmission and distribution at voltages of are great importance and require careful consideration, such 
66 kV to 0*4 kV forms the basis of this paper. arrangements being dependent on local conditions and the size 

of the area which is covered. A successful scheme, adopted by a 
INTRODUCTION London bulk supply undertaking, employs operating engineers 

The frequency with which apparatus should be examined, and department responsible foi maintenance of plant in dis- 

the time to be allocated for each overhaul, are dependent on t ? butm » stations throughout a arge area, one engineer being 
(a) the design of the individual unit with regard to its electrical ? n dut y at a ^entral locality. They are mobile and are 

duties and the atmospheric conditions under which it has to au * omed Pf s ? ns ; Persons qualified to operate particular 
operate; ( b ) the electrical and mechanical strength of the materials switchgear and plant under the undertaking s control. In times 
employed; (c) the accessibility of the parts requiring normal in- ® m ® r ®ency aad system disturbance, they co-operate with the 
spection and testing; and (d) the physical layout and housing of ceutral control department m going to site to assist m die restora- 
the units, together with facilities for carrying out routine main- tl0n anc * general operation of the switchgear as 

tenance on site. The closest co-operation between the designer re( l ll ired ^ ® mer S®ncy. Apart from other duties, they^cgrry 
and the maintenance engineer is at all times desirable, in order ou * 1S0 ^ atl0n a ° d earthing of equipments for normal overhaul, 
that those details in design which require excessive maintenance and and re-commissionmg of equipments when work is 

may be suitably modified. complete. Fitters report direct to site. 

It is the function of a maintenance engineer to organize , Distribution standby maintenance staff for a network supplied 
the necessary maintenance, examination and testing of all by a London undertaking is covered by a “night control” outside 
sections of plant under his control, so that the plant may carry normal working .hours. This cohsists of 4-5 engineers, drawn 
out its functional operation successfully, and incipient faults from district engineering staffs and centrally sited, each of whom 
be found and eradicated before they lead to failure on line. bas knowledge of at least two districts. Manual staff, 

normally engaged in routine maintenance, is sited at main dis- 
(1) STAFFING trict substations and is .available in any emergency. This night 

In normal times maintenance staffs are most economically “ ntr ? ! centre is supplied with operational key maps, together 
employed on distribution networks if both capital and revenue w * tb information, brought up to date daily, of all switching, and 
work is carried out by the same staff. • While it may be possible alterations to position of links in disconnecting boxes, etc. 
to find continuous employment for a purely main tenant s taff A further system is that operated by an undertaking with an 
this does not usually apply to new construction. It is also an area of. 1 supply ranging from inner London through suburbs to 
advantage if the engineering staff responsible for maintenance of mral districts - Operation of switchgear controlling all mains 
plant are in addition responsible for its installation, so that their a ud transformers down to 11/2-kV substations is under the direct 
previous experience maybe mostusefully applied, and they will supervision of a centrally-sited system control engineer-and hi$ 
have complete knowledge of all plant from its inception. sta ®- . Tbe sy stem is divided into three sections, namely 66 kV to 

The high standard of technical knowledge required by 22 kV inclusive, 11 kV, and less than 11 kV, each section being 
specialized engineering and testing staffs in connection with responsible for all mains and substations falling within the de- 
modem networks calls for a combination of tr aining at fared voltage segregation as regards both construction and main- 
engineering colleges and practical ability; regarding the latter, Nuance, and carrying the necessary, staff of engineers, fitters, 
the authors consider that works experience in a manufacturing jointers, etc. Engineers of each section are always available, but 
company should be gained by an engineer before he joins a maintenance work, with the exception of emergency repair work, 
supply undertaking. . is carried out during normal working hours. 

Similar remarks regarding works training also apply to the 
manual staff of fitters; not, only, however, is engineering ability 
to be considered, but reliability and conscientiousness are essen¬ 
tial, for on large networks it is not generally possible to afford 
continual supervision on site. The fitter should be trained to 
call the attention of senior staff to anything abnormal, however 
uiinor, that may arise during normal maintenance work. 

Regarding jointers other than for specialized jointing required 
cables of 33 kV and above, the best results are obtained if 


• Praasmb&m Stetson paper. t London Power Co., U<£ 

County of London Electric Supply Co., 1/td.V- 


ty ( 2 ) SAFETY PRECAUTIONS o 

j. The authors stress the great importance which must be attached 
.4 to the strict observance of safety regulations. Many *under- 
xy takings have adopted the f< permit-to-work” card system. In 
sr • system, before work is commenced on any high-voltage 
plant, a *‘permit-to~work ’ ’ card is issued to the competent 
$4 i>etson in charge of such work by an “authorized person” who 
if Las carried out the operation of making the a^aratus safe bf: 
isolating and earthing. It is signed by both parties at the time 
of issue, and space is provided on it to designate the equipment 
C 108 ] ' 
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nd that part of it on which it is safe to work, together with a 
xrthex space stating*where the earth connection has been made. 

ThisycarcWs held by the competent person in charge while such 
fork is in progress, and when work is completed his signature 
5 added and the card is then returned to the authorized person, 
fho cancels it by the addition of his signature. In systems em- 
loying a central control for system operating, the particulars of 
iis card are given to the control engineer at the time of issue 
nd of cancellation, and no plant is made alive until the permit 
ard Has been cancelled. # 

It is important that the section of the plant on which the work 
5 authorized should be clearly and precisely specified. All live 
arts of apparatus must be locked off, and only authorized 
ersons allowed access to keys. Fitters should be forbidden to 
y-pass any lock by undoing bolts or fixings, or to commence 
fork on apparatus until a permit card has been issued to them 
nd the apparatus proved dead by an authorized person. 

The use of master keys for operating locks on high-voltage 
pparatus should be forbidden. The use of one key for one 
)ck is an extra safety precaution in minimizing operating mis- 
ikes. In earthing high-voltage circuits supplying feeders, 
‘ansformers, etc., the earth connection should first be made 
irough an automatic oil circuit-breaker where possible. The 
se of detectors during the operation of cellular switchgear is 
^commended. Added safety measures consist of suitably 
laced “Danger” and “Caution” notices on live parts of the 
cpipment and controller handles; and using clear and bold 
esignating labelling on all equipment, particularly on the back 
s well as the front of all switchgear and control panels. 

“permit-to-work” system is also used for all work on 
ables except low-voltage cables which are normally jointed 
alive.” In addition to a “permit-to-work” card, the cable in 
uestion is “spiked” and proved dead by the “authorized 
erson” in the presence of the “competent person” at the point 
here the work is to be carried out. 

In areas covered by the same operating staff the colours of 
imps used for switch indication and alarm throughout the whole 
rea should be standardized, to ensure that each colour has the 
ame significance in every station. 

(3) RECORD SYSTEMS OF PLANT MAINTENANCE 

It is important that a concise record system should be kept of 
tie plant installed and the maintenance work carried out, and 
uch a system should represent the complete record of the work 
rom the date on which the plant was installed. The basis of 
tie system should be simplicity and ease of reference. All 
jawings* and wiring diagrams should be kept up-to-date. 
Vhere manufacturers of plant hold master tracings, they should 
>e informed of modifications so that accurate prints may be 
ssued. * 

The system favoured is the record card system in which one 
ype o£ printed card is allotted to each type of plant. Such 
ards are arranged for standard gear, and each unit has its 
>ertinent card allotted to it. Each type is given a distinct colour 
o facilitate filing. 

The cards listed below are used by a bulk supply undertaking 
nd cover maintenance work carried out on plant on a 66 -kV 
nd 2£-kV network employing metal-ciad switchgear. The 
ards are 14 in X 9 in and five different types are used:— 

(a) General record card (for each station). 

. (b) 66 -kV and 22-kV switchgear (Fig. 1). 

• (c) Metering equipments. 

• • fcO Switchgear operations card. 

(e) Transformers. 

The second set given below are used by an undertaking 


covering 11-kV and 6 - 6 -kV area distribution networks feeding 
transformer chambers stepping down to 400 volts. Each record 
card covers 10 years’ work, and the various overhauls and tests 
are sub-divided. The size of each card is llj in x 11 in, and a 
complete set is kept at each main area substation in a suitable 
card-index book. On the front of each card are given the par¬ 
ticulars of the equipment and serial numbers, the remaining part 
being allocated to maintenance records. The cards serve the 
dual purpose of records of plant as well as of maintenance. 
Station plant has been divided into six main subjects, a card of 
different colour being allotted to each subject as follows:— 

(a) Transformer chambers (Fig. 2). 

(b) Substation transformers and voltage regulators. 

(c) Substation high-voltage switchgear. 

(J) Fire-fighting equipment. 

(e) D.C. generating or converting plant. 

(J) Batteries, including switchgear. 

This particular record system has been developed in order to 
co-ordinate the procedure in a number of areas in charge of 
different engineers so that the maintenance in all areas may 
follow a fixed routine. Pamphlets giving the details of main¬ 
tenance required on each section of the plant are issued to each 
area. 

(4) SWITCHGEAR MAINTENANCE 
(4.1) Oil Purification 

A recent symposium of papers has reviewed in some detail the 
maintenance of insulating oil\nd its treatment on site . 1 Re¬ 
garding switchgear, the most important of the physical properties 
listed in B.S. 148 is the electric strength of the oil, and apparatus ^ 
should be available to permit this figure to be readily obtained. 
Deterioration of the oil and low breakdown value may be pro¬ 
duced by (a) moisture; Q>) foreign substances in the oil, including 
fibrous material, dirt, etc.; (c) semi-colloidal carbon produced by 
arcing; and (d) impurities resulting from chemical action between 
the oil and gaskets, internal painting and some insulating var¬ 
nishes, etc . 3 

Particular care should be taken during overhaul not to intro¬ 
duce impurities into the oil by the use of cotton waste for tank 
cleaning, filings or emery powder when facing contacts, and to 
ensure that all joints and covers are tight. The gaskets should 
be made of a material which will not be chemically acted upon 
by the oil. The use of compressed-cork gaskets on cover joints 
for switch and heavy insulating oils has given excellent results. 
Indoor switchgear cannot be classed as “watertight”, and attention 
must be paid to the heating and ventilation of the station with a^ 
view to preventing condensation in the switchgear and such a. 
humidity as will affect not only the oil but the insulation of 
switchgear and small wiring circuits generally. In London area 
distribution stations with metal-clad switchgear, extensive use has 
been made of tubular heaters with loadings of 60 watts per foot 
mounted in banks on the switch standards and controlled from 
suitably placed thermostats operating at a “cut-in” temperature 
.of5Q°'F. 

In voltage transformers careful watch should be kept for signs 
of acidity and sludging; there is a definite rise in temperature in 
such units and a certain amount of free breathing takes place, 
although this is relatively small compared with that in a power 
transformer. 

Regarding flash-point, the determination of which is a 
laboratory test, representative values should be taken infre¬ 
quently; they are not necessary for routine testing. 

The types of commercial apparatus used for purifying the oil 
fall into two classes, (a) centrifugal and (b) filter. The perfor¬ 
mance of modern types was fully discussed in a recent paper . 3 % 

In the authors’ opinion cold filtration of bil is an advantage. 
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OIL ClRCUIT-BRE AKER EQUIPMENT. 


Station 


RECORD CARP 


Date of commissioning _ 


Voltage. 


Type of oil in O.C.B. 


Maker and type -_ Trip-coil voltage and Ref. - 

Switch rating Amp - kVA ____ Closing-coil voltage and Ref. 


. Oil circuit-breaker 

Voltage transformer 

Control panel 

Isolator chambers | 

Circuit 

Busbar | 

Oil 

purified 

Oil sample 
b.d. 

value, kV 

Oil 

changed, 

etc. 

Mechanism 

over¬ 

hauled 

Oil 

purified 

Renewals, 
etc., of 
h.v. fuses 

Panel 

cleaned and 
overhauled 

Mods. 

to 

wiring 

Oil 
b.d. 
r value, 
kV 

Oil 

changed, 

etc. 

Oil 

b.d. 

value, 

kV 

Oil 

changed, 

etc. 


. 




. 








Fig. 1*“ 


e 


—I in isolator chambers 


Remarks 


Fault repoms 
Notes on operatior 


fault 


Transformer chamber: 


Properties No.: 


Card No.: 


Number of cards for above chamber: 


M.V. SWITCHGEAR 
KING-MAIN UNIT 


H.V. SWITCHGEAR 
TRUNK FEEDER 
UNIT 


Circuit title: 

C.T. ratios, O/C. 

Type of protection: 
Company's Order No.: 
Date of commission: 


Circuit title: 
Company’s Order No.: 
Date of commission: 


TRANSFORMER 
covering all units 
controlled by one 
switch 


Circuit title: 
Tapping in use: 
Gallons of oil: 
Type of cooling: 
H.V. cables: 


I .V. CIRCUIT- 
BREAKER 


Circuit title: 
Serial No.: 
Manufactured by: 


L.V. SWITCHBOARD 


Type: 


FIRE EQUIPMENT 


Type: 
No. of 


gas cylinders: 


REMARKS: 


Ammeter: 

Date: 

Manufactured by: 


Date: 

Manufactured by: 


Size (kVA): 

Primary voltage: 
Primary amp: 
Company’s Order No.: 
L.V. connections: 


Size in amp: 
Type of dashpot: 


No. of ways equipped: 
No. of ways in use: 


Gas capacity, lb wt: 
Weight of each when full: 


TRANSFORMER CHAMBER OVERHAUL RECORD CARD 


Main substation: 


_ NAME-PLATE PARTICULARS __ 

Unit No.: Volts: Amp: 

B.S.S.: Form: Serial Nos.: 

Switchgear class: 

Oil circuit-breaker type: 


Unit No.: 

Form: 

Switchgear class: 

Volts: 

Serial Nos.: 

Amp: 

Oil circuit-breaker type: 

Serial Nos.: 


Tapping ranges: 

Secondary voltage: 


Impedance %: 

Secondary amp: 


Type of breather: 

Date: 


Manufactured by: 

Date of commission: 


Class: Form: Amp: 

Over-current setting: Time: 

Date of commission: 


C.T. No. R: 
C.T. No. Y: 
C.T. No. B: 
C.T. No. Amm 


B.S.S.: 


Volts: 


Manufactured by: 
Date of commission: 


Date of commission: Manufactured by: 

No. of thermal fuses: 



1940 

1941 

H.V. SWITCHGEAR 

Oil 

circuit- 

breaker 

Oil tests 



Protective- 
gear tests 



General 

overhaul 



Busbar 

chamber 

and 

isolators 

Oil tests 



General 

overhaul 



H.V. SWITCHGEAR 

Oil 

circuit- 

breaker 

Oil tests 



General 

overhaul 



Busbar 

•hamfcer 

and 

isolators 

Oil tests 



General 

overhaul 





1940 

1941 

TRANSFORMER 

Station No.„_ Size._.„..kVA 

Oil tests 



Insulation 

resistance 

H.V.-E. 

H.V.-L.V. 

L.V.-E. 



General inspection 



Filtration 


. 

Breather' 

inspection 

1st quarter 
2nd „ 

3rd „ 

4th „ 


if 

L.V. 

CIRCUIT- 

BREAKER 

General overhaul 



Over-current test 



AUX'S 

General overhaul 


ir 

FIRE 

EQUIP'T. 

General overhaul 


. ’ 

r ' ' 




Fig. 2* 

«*> * Only essential headings are shown 
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if oil is heated before purifying some impurities may dissolve 
he oil and pass through the purifier in the dissolved state, 
renefrallyfhe centrifugal type is excellent for removing moisture 
fibrous material from oil, but it requires a special cleaning 
-ess when dealing with carbonized oil, while the filter type, 
tough readily dealing with carbonized oil, requires a separate 
mber for moisture extraction. The centrifugal type requires 
;e attention on site because the necessary variation in output 


111 

use of the replacement method, except in those transformer 
chambers which contain only small quantities of oil. 

(4.2) Maintenance Schedule 

Table 1 sets out the essential work to be carried out, and covers 
all voltages and sizes of switchgear. The periods between work 
are to be treated as a general guide and are based on experience 
obtained over a number of years. 


Table 1 

Maintenance Schedule for Switchgear 


Work to be carried out 

Interval 

Special notes 

amine o.c.b.; sample oil for b.d. value; check alignment of contacts; 
aspect and clean explosion pots, turbulator pots, etc.; inspect insulators; 
:est interlocks 

lyr 

In power stations and key switching stations where switches perform frequent 
heavy duty, 6-monthly interval recommended. When oil has to be 
drained for this work it should always be purified before breakers are 
refilled 

rify oil in breaker unit, inspect tank linings, barriers, etc. 

2 yr 

For breakers frequently charging large transformers and high-capacity 
feeders on h.v. systems of 33 kV and above, interval may be 1 year or less, 
depending on carbonization experienced 

amine breaker mechanism; lubricate link mechanisms; overhaul closing 
contactor, auxiliary switches; inspect small wiring, insulation tests of d.c. 
control circuits 

1 yr 

For breakers frequently operated and situated in dirty or sulphurous atmo¬ 
sphere, interval to be reduced 

amine voltage transformer, test h.v. and l.v. fuses, inspect insulators, etc.; 
sample oil for b.d. value and acidity value if suspected; 
purify oil in transformer 

\ yT 

2yr 

Watch for signs of sludging and acidity 

:an control panel, adjust controller contacts, inspect secondary control 
fuses, d.c. small wiring, mimic semaphores, etc. 

1 yr 

— 

rcuit and busbar isolator chambers with oil-immersed links: sample switch 
oil or heavy insulating oil (penetrol, etc.) for b.d. value, examine contacts 
and links * 

3 yr 

On h.v. systems where circuit isolators also used for earthing long feeders 
of high capacitance current, interval to be reduced, depending on frequency 
of operation. Oil tests at frequent intervals assist to determine interval 

xify switch oil or heavy insulating oil in sealed chambers (i.e. current- 
tnJhsSbrmer chambers, link boxes, busbar interconnecting boxes, etc.) 

When 

necessary 

If oil drained for removal of current transformers or disconnection it should 
be purified before replacement: cleanliness of compartment before refilling 
essential (see 4.5) 

:amine busbar oil-immersed selector switches; inspect contacts and 
mechgmisms^ sample switch oil or heavy insulating oil for b.d. value 

2 yr 

Applicable to switchgear with selectors in oil-filled hoods. In circuits 
where selectors frequently operated, inspect on occasion of annual switch 
overhaul 

isbar and circuit spouts and plug contacts on metal-clad switchgear with 
horizontal or vertical isolation: clean and grease switch-plugs; 
clean busbar contacts and spouts 

1 yr 

2 yr 

Plugs included in annual switch overhaul. Cleaning of busbars depends 
on atmospheric conditions. Indoor switchgear to be inspected after any 
building work in vicinity. Interval generally greater with vertical isola¬ 
tion. Spouts to be inspected by authorized persons when isolating 

spect and clean insulators, operating links, isolator contacts on cellular- 
type switchgear 

1 yr 

Cleaning interval to be reduced or increased depending on atmospheric con¬ 
ditions; inspect contacts annually 

camine oil-filled metering tanks, housing c.t.’s and v.t.*s; test h.v. and l.v. 
fuses; inspect secondary connections, clean and grease main plugs and 
sockets; sample oil for acidity value, if suspected; purify oil 

2 yr 


outine operation of switchgear 

3 mth 

Particular application to switches not normally operated on system control 


The figure for recording purposes is the breakdown (b.d.) value after the oil has been sampled and tested in accordance with B.S. 148 by quickly raising the voltage to 
aximum of 50 kV. Oil must be purified or replaced by new oil if it fails to stand the test for minimum electric strength as given below: 


Class of oil 

Minimum electric strength 

Before purifying 

After purifying 

Grade “A” or “B” 

Heavy insulating oil 

30 kV for 1 min (B.S. 148) 

40 kV for 1 min (recommended) 

As new oil (B.S. 148) 

50 kV for 1 min (recommended) 


pends on the condition of the oil, while the filter type will (4.3) Fault Operation 

crate for long-periods with little attention. When the oil circuit-breaker is tripped from a protective relay 

In the London area 66-kV distributing stations with 66/22-kV or by hand, thereby interrupting fault current, it is desirable to 
msformers of the order of 30 000kVA capacity, and switch- examine the breaker before it is returned to service. The oil is 
ar with breaker oil-content of 400 gallons per unit, the oil is generally carbonized, and arcing tips on the main contacts are 
rified by means of a portable filter with an output of 450 marked and burnt. The tank should be drained, examined and 
lions per hour, in conjunction with permanent oil piping and refilled with clean oil, contacts cleaned up or replaced by new 
ainam - tanV installati ons ones if badly burnt, contact alignment checked, and the operation 

On 22-kV switchgear with breaker contents of 70 gallons per of the breaker thoroughly tested before it is returned to service; 
it, a portable purifier with an output of 70 gallons per hour is but at times of heavy system disturbance, involving the tripping of 
iployed: ' Generally when dealing with breakers of this and many breakers, it is often necessary to reclose breakers without 
wer*capacity, permanent piping is not necessary, the oil being examination. In such cases a careful record should be kept of 
lptied from tlffi tank by the centrifuge or filter into special oil switches involved, and examination carried out at the earliest^ 
urns and again purified when refilling. In substations, purifi- opportunity. Much valuable evidence has often been destroyed 
tion of oil on site should be carried put in preference to the by switchboard operators resetting ^relay^ signals before taking 
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accurate particulars; these should not be reset until a complete 
record of relays involved has been made. 

(4.4) Routine Operation 

It is important not to neglect the breaker, which normally is 
not operated on system control; the mechanism is liable to 
“settle* 9 and stickiness may develop in the link mechanisms, etc. 
Routine “closing 99 and “tripping" tests from controller and pro¬ 
tective relays at three-monthly intervals are recommended. 


breakers in the isolated position where the d.c. circuits to the 
breaker are of the plug-and-socket type. Such contacts, 
especially in tripping circuits, are not a g§od feature, and during 
operating tests on an isolated breaker the electrical conditions are 
not the same as when the breaker is in the service position; the use 
of permanent connections in flexible tubing is a better arrangement 
Following an overhaul necessitating adjustment of any part of 
the tripping mechanism, it is recommended that a low-voltage 
tripping test be carried out. Fig. 3 shows a compact portable 


(4.5) Heavy Insulating Oils 

The use of heavy insulating oils in modern metal-clad switch- 
gear, in sealed circuit chambers, busbar interconnecting boxes, 
etc., is now extensive. Unlike compound, however, heavy oils 
have the property of readily absorbing moisture, which is more 
liable to be held in suspension and not to separate so readily as 
from more fluid switch oils. The frequency of sampling depends 
primarily on whether the design of the particular chamber is such 
as will resist the ingress of moisture and impurities. 

For oil used, however, in selector chambers and circuit 
and busbar isolator chambers requiring periodic drainage for 
contact inspection, etc., the maintenance time is greatly increased 
with heavy oil as compared with a Grade “B" switch oil. Due 
to its viscosity, drainage is slow and hand pumping is generally 
used; the oil cannot be purified by a standard purifier at its 
normal temperature. A method of purifying Penetrol consists 
of first heating the oil in a special heating tank to 180° F before 
passing it through a filter with water-jacket heating; successful 
results have recently been obtained with similar oil having a high 
moisture content by using a centrifuge with the oil first heated 
to 140° F. 
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Fig. 3.—Apparatus for d.c. low-voltage tripping tests. 

apparatus designed for this purpose. The terminals are con¬ 
nected by flexible leads to the “close" and “trip" terminals of 
the oil-switch controller, and the breaker is operated from the 
push-button controls. The resistance is varied until the breaker 
just trips—the voltage across the resistance is given by the 
voltmeter, and when deducted from the d.c. supply voltage it 
gives the trip-coil voltage under this condition. 


Although the use of heavy oil tends to minimize oil leaks, the 
authors consider that, owing to the difficulties of handling this 
oil on site, there is a tendency to neglect the essential examination 
of contacts, links, etc., in such compartments. 

(4.6) Plug-change and Oil-filled Selector Chambers 
The disadvantage of oil-filled selector chambers in switch 
hoods of duplicate-bar metal-clad switchgear is that connections 
from both bars are brought into a common chamber. An in¬ 
ternal electrical failure in the switch hood, and the subsequent 
explosion, will probably result in a fault on both busbars. The 
selector is a quicker method of changing bars than plug change; 
but this advantage is more than outweighed by the electrical 
separation afforded by the use of removable plugs. The normal 
maintenance involved with plug-change breakers is less than with 
selector gear, as no oil is used in the hood, but particular care 
should be taken to ensure that a good electrical connection exists 
between the plug and the switch socket. ' ; 

(4.7) Tripping Circuits 

The tripping circuit of the breaker is probably the most im¬ 
portant of the control circuits. Too much importance cannot be 


(4.8) Testing of Switchgear Insulation 
Although careful visual inspection of insulators, switch- 
operating rods, inter-phase barriers, etc., should be carried out 
during breaker overhauls, with particular attention to signs of 
burning or discoloration and surface cracks on porcelain insu¬ 
lators, the extensive use now made of the fabricated condenser- 
type bushing calls for special tests to ascertain its electrical 
reliability. The limitations of high-voltage d.c. testing are 
appreciated, and modern practice favours the application of 
power-factor testing as a more definite guide. Information 
regarding such testing was given in a recent paper 2 in which the 
whole subject was reviewed in detail. 

At a large generating station in London, routine site tests*on 
a number of 66-kV bushings of this type are made periodically. 

The desirability of testing facilities embodied in the design in 
order that tests on individual bushings may be carried out on 
site is apparent, particularly on multiple arrangements, e.g. on 
busbars and busbar spouts of metal-clad switchgear. It appears 
.probable that future specifications will call for .such facilities. 

(5) BATTERIES 


attached to the necessity of first-class design of auxiliary switches. 
Although modern types are more robust the authors consider that 
there is still room for much improvement—the performance of 
many a well-designed br^er unit has been jeopardized by an 
auxiliary switch of poor design and construction. 

The authors advocate the “healthy trip lamp" icircuit now used 
by inany undertakings. This consists of a lamp, with series re¬ 
sistor, in parallel with the tripping contacts of the controller 
and protective relays. When the breaker is closed; the lamp 
circuit is completed by the trip-coil auxiliary switch, and the lam 
also serves as a “switch closed" indicator. It also proves the • 
"continuity of the complete tripping circuit, including fuses. 

Some types of switchgear ^mploy the testing jumper for testing 


Routine attention to batteries used in conjunction with opera¬ 
tion of switchgear and plant is essential to ensure that they are 
kept fully charged and'in a healthy condition. 

A general overhaul of tlie charging apparatus should be 
carried out annually, with particular attention to the^ testing 
of reverse-current relays, overload feature of breakers and 
general examination of all fuses. Automatic change-over 
switches used for changing d.c. operating supplies from the; 
network to the battery, and in connection with /emergency 
lighting systems, should be tested at least once every 3 months. 

Experience has proved that maintenance costs and replace- 
m^^ reduced on lead-acid batteries if they are 

given a continual trickle charge instead of a full charge at 
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iodic intervals. Where station batteries are normally main- 
ned by tjjickle charge, a capacity discharge test is made once 
;ry 5 years and full details recorded. 

^ut-outs situated as near as possible to the battery terminals 
. fitted in order to protect the battery from short-circuit in 
: event of damage to cables between the battery and distribu- 
n switchboard. Where d.c. operating supplies are fed from 
floating battery, earth-fault indication lamps or indicating 
truments are fitted. Good ventilation of the battery room is 
ential, this being so arranged that fumes do not cbme into 
itact with any electrical plant. In some installations the 
:tery room is situated above switchgear and plant, but this has 
m found to be a bad arrangement, especially under war 
iditions. Considerable damage has been caused, especially 
ring air raids, by acid and water dropping on to plant as the 
ult of this, arrangement. Battery rooms should be situated at 
below plant level, even if this necessitates the use of ventilating 
is. 

\ portable spare battery should be available on a network, of 
table capacity to provide operating control for switchgear in 
tributing stations, for use in the event of major battery repair 
damage. The size of the battery will in general be governed 
the requirements of solenoid closing; an alkaline battery of 
)-V 3 5-Ah capacity has been found suitable for a 22-kV net- 
rk with switchgear closing currents of the order of 100 A. 
Ihe lead-acid typ& of battery as used in motor-cars has 
iracteristics suitable for switchgear operation. The cost of 
i battery and of cell replacements is relatively low. Such 
tterses have recently been installed in two 22-kV stations in 
i London area, but at present there is not sufficient information 

which ta base a recommendation. 

* * 


formers with forced cooling by means of oil pumps, radiators 
and forced-draught fans are rare, probably because of the atten¬ 
tion given to the cooling and ventilation generally, and also on 
account of a certain margin of control of the normal oil tem¬ 
perature by temperature instruments, with adjustable “cut-in,” for 
controlling the forced cooling. A top oil temperature of 65° C 
has been adopted for the “cut-in” point of forced cooling plant 
on a number of 66-kV transformers of this type with natural 
cooling up to 60 % of full load. 

(b) Self-cooled indoor transformers are more prone to acidity 
than outdoor—probably owing to less efficient ventilation. 

(c) An acidity figure of 0 - 5 mg KOH per gramme of oil with 
conservator-type transformers fitted with breathers, particularly 
if Grade “B” oil is employed, can readily be maintained, and an 
acidity value not exceeding 1 * 0 mg KOH per gramme of oil can 
be accepted in a system using large numbers of non-conservator 
type transformers employing Grade “A” oil. 3 

(d) The rise of acidity as well as its value should be carefully 
watched. 

0) Acidity and sludging can be minimized and checked, before 
reaching limits which may prove damaging, by: 

(i) Regular purification of the oil by centrifuge or filter. 

(ii) Attention to the ventilation of the transformers. 

(iii) Fitting of conservators and breathers. 

(ivj Regular inspection of the unit and taking of oil samples 
for acidity tests at regular intervals. 

In a well-maintained network the probability of excessive 
acidity occurring only in small units and as isolated cases at 
present seems to justify the replacement of acid oil by new oil 
from stock, and the return of the acid oil to refineries where it 
can be treated at small cost. 


(6) TRANSFORMERS 
(6.1) General Considerations 

1.1) Classification. 

The heading “transformers” includes oil-filled reactors, 
utral-point compensators, voltage regulators, etc., the main- 
lance of which may be considered similar to that of trans- 
-mers. 

1.2) Acidity and Sludging of Oil. 

Although the treatment of oil in transformers as regards 
rification on site follows very closely that required in switchgear, 
p factors in addition to the electric strength of the oil require 
rticular attention, (a) formation of sludge, and (b) high acidity 
the oil. Sludge is the result of chemical action, and its rate 
formation depends largely on the temperature rise within the 
—it is accelerated by contact with bare metal, particularly 
pper, and* is more prevalent on non-conservator type trans- 
rners without breathers. In the early design of trans- 
rmers the formation of sludge was probably the greatest 
>uble* and much attention was paid to the refinement of oil to 
nimize it; a highly refined Grade “A’^oil was produced which 
doubt had good non-sludging properties but which had the 
sadvantage of releasing its acid content very readily. 

As design progressed, far more attention was paid to the 
iciency of*he cooling system and*to copper and iron losses and 
npemture gradients throughout the oil; conservators were 
ted to remove the free breathing space inside the transformer, 
d breathers were employed to prevent moisture and impurities 
>m entering the oil. The effect has been to reduce sludging 
:d to enable a more stable oil, Grade “B,” less prone to acidity, 
be used. A*great deal has been written on the subject of 
idging and acidity, 1 but the following summary may be of 
sistance jn a maintenance programme 
(a) High acidity value and excessive sludging in large trans- 
Vol. 91, Part n. 

t 


(6.2) Maintenance 

It is recommended that a tap-change transformer should be 
treated as two independent units:— 

(a) The transformer unit, in which the oil is heated by direct 
contact with the coils; carbonization of the oil is improbable, 
but regular treatment by centrifuge or filter is necessary to remove 
sludge and impurities from the oil. 

(b) The tap-change unit, in which the heating of the oil is 
indirect through the common partition to the transformer unit. 
Sludge and high acidity value are less likely to occur, but car¬ 
bonization of the oil will take place owing to the arcing of con¬ 
tacts or diverter switches. The tap-change unit should therefore 
be treated as an oil circuit-breaker. 

On transformers of lOOOOkVA capacity and upwards, with 
oil content of over 1 500 gallons, a drainage tank common to a 
number of units is desirable. This greatly facilitates examination 
of the main unit and tap-change unit and enables drainage to take 
place without using excessive numbers of oil drums. 

The schedule in Table 2 shows recommended intervals for 
carrying out maintenance requirements. 

(6.2.1) Oil Testing and Purifying. 

The frequency with which acidity figures should be taken 
depends very largely on the design, temperature conditions and 
loading of the unit. With conservator-type transformers with 
Grade “B” oil and breathers in main stations where good ventila¬ 
tion is obtained, the period between tests can safely be extended 
to 2 years. In view, however, of the small extra work involved 
relative to the importance of the figure, the annual test is desirable. 

The circulation method of oil purification on the transformer 
consists in connecting the centrifuge or filter to the drainage valve 
at the bottom of the transformer tank and delivering the clean* \ 
oil to the conservator or top of the tank. Wheh oil pumps with 
detached radiators are used for forced cooling, the pumps should 8 • 

■> . 8 • 


9 
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Table 2 

Maintenance Schedule for Transformers 



Work to be carried out, and Section Ref. No. 

Interval 

Special notes 

TRANSFORMER unit 

Sample oil for electric strength (b.d. value), 

1 yr 

Oil samples taken from bottom of transformer tank and testM 
accordance with B.S. 148 tested m 

Sample oil for acidity, (6.2.1) 

1 yr 

If figure exceeds 1 *0 mg KOH per g, oil should be treated or replaced"" 

Purify oil by circulation, (6.2.1) 

3 yr 
(max.) 

Circulation to approx. 3 times volume of oil. With transformers operating 
at high temperatures and load factors, 2-yearly purifications recom 
mended u “ 

Inspect external insulators and oil-filled bushings; sample oil for b.d. 
value, see Reference (2) on page 18. 

1 yr 

Cleaning interval depends on atmospheric conditionsffurther inspection* nT 
insulators carried out after cleaning " 1 

Insulation resistance tests of main windings, (6.2.2) 

1 yr 

Has value as comparative test. Routine tests taken at same temp. 

Inspect connections in transformer, (6.2.2) 

3 yr 

Particularly applicable to small non-conservator type units 

Inspect explosion diaphragms, replace fractured ones 

1 yr 

A fractured diaphragm results in free breathing 

Attend to leaks, valves and checking of oil-levels 

lyr 

— 

Inspect breathers, (6.2.3) 

3 mth 

Replacement period depends on atmospheric conditions 

Test temperature alarms, etc. 

lyr 

Calibration of temperature indicators to be periodically checked 

FORCED 

COOLING 

Examine and overhaul oil pumps, blower motors, blower control panel 
and operating contactors; insulation tests on control circuits 

lyr 

Interval to be reduced where pumps run continually; controls to be 
tested quarterly; temperature instruments for automatic operation 
to be periodically checked 

TAP-CHANGE 

UNITS 

Sample oil for b.d. value and acidity value, (6.2.1) 

lyr 

Sample as for main unit 

Purify oil, examine selector contacts and diverter switches; check oil- 
levels, etc., (6.2.1) 

When 

necessary 

1 year considered to be maximum interval 

Overhaul tap-change control gear, auxiliary switches, operating contac¬ 
tors, remote indication, etc.; insulation tests on control circuits 

lyr 

Many designs embody electromagnetic brake for motor control; brake 
linings to receive special attention 

Inspect breathers, (6.2.3) 

3 mth 

Replacement period depends on atmospheric conditions 


be run during circulation to ensure that all the oil is purified. 
When using filters, a very good guide to the impurities in the 
oil is to observe the pressure gauge generally fitted to the input 
side of the pack. Circulation should continue until the pressure 
remains steady for several hours. 

The risk of fire when purifying oil in transformers is not great, 
provided reasonable precautions are taken. Oil vapour, how¬ 
ever, is prevalent and smoking should be prohibited on site. 
The use of metallic hosing is recommended, with an earth con¬ 
nection between the purifier and the transformer tank. Blow¬ 
lamps should not be used for easing inspection covers, and, if 
chisels are used, care should be taken to avoid sparking. The 
use of bronze chisels is recommended. ‘‘Cracking” of oil, how¬ 
ever, is very dangerous and has been the cause of serious acci¬ 
dents v It is due to severe overheating or discharge in the oil, and 
is more probable after a transformer fault. Oil in this state has 
a low flash-point and smells of acetylene, and special precautions 
should be taken if this smell be detected; also the oil must be 
replaced. Such cases, however, are rare and, provided the oil 
has a normal smell, flash-point figures need be checked only 
occasionally. 

The period of purification of oil in the tap-change unit varies 
considerably between different makes and designs, and it is not 
possible to give any fixed time for this work. Carbonization of 
oil in some types is relatively heavy. The method of determining 
this figure is to keep an accurate record of all on-load tap-change 
operations after installation and to make frequent examinations 
until a suitable period based on the number of operations is 
arrived at—cyclometer dials on tap-change mechanisms are very 
useful in this respect. 

(6.2.2) Insulation-Resistance Tests and General Inspection. 
r ^sfilation-resistahc^ tests carried out on high*, and low- 
voltage win^gs of transformers in service have a value based 
on cpmparafive records taken over a number of years, Genepally 


the reading includes the insulation resistance of cables, cable 
boxes and circuit spouts of switchgear permanently connected to 
the transformer, while the greatest influence is the temperature of 
the transformer when the insulation-resistance reading is taken, 
particularly on large units. For the reading to give a reliable 
indication, routine tests should be taken under similar conditions 
as far as possible. The tests may be treated as an extra routine 
precaution in maintenance, but for the detection of moisture 
reliance should be placed on measurements of the electric 
strength of the oil. 

The inspection of the tank and windings on large conservator- 
type transformers is a major operation, which is generally outside 
the scope of site facilities. Inspection covers are fitted which 
permit of a certain amount of examination of the general con¬ 
dition of the top of the tank, cores and windings, particularly 
primary connections to bushings. Such an examination Ts 
limited in scope. During routine purification of the oil in conser¬ 
vator types, an inspection of the internal condition of the con¬ 
servator tank for signs of scaling or corrosion provides a check 
on the efficiency of the breathing system. 

In small transformers of the non-conservator type*the re- 
, moval of the top cover is a relatively easy matter, and advantage 
should be taken of this to inspect the main copper connections 
and to clean insulators above oil level while carrying out routine 
purification of oil. The tank and cover should be carefully in¬ 
spected for signs of corrosion, and the cores and "windings for 
sludging and acidity. , 

Tanks, radiators, fins and tubes, etc., should be inspected for 
signs of external corrosion. Periodic painting is recommended 
and the use of high-pressure spraying has been found the most 
effective method. 

(6.2.3) Breathers. 

The importance of efficient breathers cannot be too greatly; 
stressed, and their inspection and re-charging must be given 
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ticular attention* Silica-gel breathers offer advantages in 
intenance because they are partly regenerative, easy to fit, 

I less messy than cerium chloride; the moisture absorbed may 
driven off by heating the contents, and replacements can be 
tied round during inspection and quickly changed where 
essary. During inspection it is equally important, whatever 
e is employed, to ensure that there is no clogging of the air 
ike pipe or gauze between the breather and the outside atmo- 
ier«, or between breather and conservator. 

(7) TRANSFORMER CHAMBERS 
jnder this heading are included substations on consumers’ 
*hises and transformers in street pits, with a supply voltage 

II kV or less, the whole equipment being regarded as a “unit.” 
lile the maintenance of switchgear and transformers in these 
dtions will generally follow the lines laid down in Table 1 
i Table 2 respectively, the “time factor” is likely to be varied 
ing to widely differing local conditions. 

Adequate records of the plant are essential, as shown in 
r. 2. In view of the large number of transformer chambers 
is useful to have a “general information” card index record 
I a similar record of earth-plate details. Sufficient attention 
lot always given to bold and conspicuous labelling of switch- 
ir in transformer chambers. This should be carried out on 
and l.v. switchgear, unit boards, etc. 

The maintenance of plant in these situations is governed by 
j selection of the most suitable plant in the first instance and 
acquiring sufficient information in regard to loadings to 
able reinforcements to be carried out at the correct time. 
Usually the distribution engineer has anything but a free 
oice in the siting of these transformer chambers. Space is 
aally restricted, ventilation bad and access often difficult, 
mrt from the financial aspect, there is seldom room for spares, 
d it is desirable to lay-out the plant so that any one item 
n be removed and replaced without disturbance of any other 
ant installed. Standardization of switchgear and transformers 
ould be aimed at, and confined to as few sizes as possible; 
r example, 150 kVA, 300 kVA and 1 000 lcVA for transformer 
pacity is a reasonable range, for either single or multiple units. 
To facilitate replacement of transformers, a design of cable 
>x is used which can be moved sufficiently for a change of 
msformer to be made without breaking down the cable 
rmination. 

Routine maintenance of transformer chambers in factories is 
>rmally confined to external cleaning of pliant, but arrange- 
ents can usually be made, at least in time of peace, for a com- 
ete shutdown at week-ends. This should be approximately on 
i annual basis, and the whole of the plant should be examined, 
ransformejs should have oil samples taken for electric-strength 
id acidity tests; all main connections should be examined, oil- 
vels cheeked, and a general visual inspection made of the trans- 
>rmei and tank. • 

The maintenance work carried out on switchgear, as regards 
I samples and general examination, should be planned on the 
aes laid down in Table 1. The actual time-interval between 
ispections will largely depend on local conditions; plant exposed 
> heat and dirt should be inspected more frequently than is 
iggested in the Table. v ; 

Practical experience indicates that heat is a factor which makes 
ir acidity. This is confirmed by A. A. Pollitt, 4 who states 
lat the Fate of chemical reaction is doubled by each 10 degC 
se 4q temperature. In transformer chambers with bad venti- 
ttion, and in street pits with little or ho ventilation, maintenance 
^likely to be excessive unless steps are taken to reduce the 
eat to be dissipated. Considerable success has been obtained 
y a transformer design which reduces the iron and copper 


losses by as much as 40 % for an expenditure of not more than 
20% in excess of the normal transformer cost. The additional 
capital expenditure is fully justified by the reduced maintenance 
costs, particularly where high load factors are obtained. 

The entry of moisture, and therefore of oxygen, can be pre¬ 
vented by the use of a hermetically sealed transformer fitted 
with an expansion chamber. Pollitt’s statement 5 that no 
attempt has been made to produce such a transformer in this 
country is not borne out by the facts, for transformers so 
designed have been in use by several British undertakings for 
the last 10 years and have proved very successful. The com¬ 
bination of hermetically sealed tanks with the low-loss trans¬ 
former design mentioned above has reduced maintenance of 
transformers, particularly in street pits, almost to vanishing 
point. 

The frequency of inspection is also affected by the loading 
of transformers in these positions, and therefore accurate load 
records are necessary. With many transformer chambers and 
street pits it is impossible to obtain satisfactory records by \ 
means of visiting attendants; the only reliable method is to * 
install thermometers of the maximum recording type in each 
transformer and in the surrounding air, and a maximum-demand 
ammeter in each phase of the l.v. output. 

The information obtained from these instruments gives a 
positive record, and, coupled with an integrating meter, allows , 
the load factor to be computed. This gives the distribution 
engineer considerable guidance in fixing the frequency of in¬ 
spections, and the necessity for reinforcement, and enables him 
to use transformers to the reasonable limit of their capacity 
without going beyond the point where excessive maintenance, 
or possibly breakdown, would result. 

Where large numbers of this type of transformer chamber 
are employed on a distribution network it is desirable to 
standardize plant and to simplify switchgear as much as 
possible. For voltages below ll kV consideration should be 
given to the question whether in transformer chambers it is 
better to employ a simple form of non-automatic ring-main 
unit operating in oil, rather than switchgear with automatic 
operation, or ring-main units with fuse control. Maintenance 
of switchgear would then almost disappear and yet the measure 
of isolation required for normal working would be obtained. 
This suggestion is based on the authors’ experience that trans¬ 
former faults are rare provided that the original design is good 
and efficient maintenance is carried out.. They have found that 
the majority of faults on cables of 11 kV and less are caused 
by mechanical damage. . , 

If some local protection is considered essential, it is^desirable 
to dispense with automatic switchgear in transformer chambers 
and street pits and substitute fuse control of the h.r.c. type on 
both sides of the transformer, as with this arrangement there is 
less maintenance work to carry out. A further reason for the 
use of h.r.c. fuses, or of no fuses at all, is that where individual 
consumers or networks are being supplied service to the con¬ 
sumer is paramount, and it is not generally desired that trans¬ 
formers shall be switched out because of overloads. Switchgear 
should not operate except on a fault amounting to a short- 

circuit. . 

The methods of obtaining records suggested earlier in this 
Section should ensure that overloads are well catered for. The 
views which have been expressed with reference to maintenance 
of transformer chambers apply also to transformers installed in 
pits in the street, where the question of temperature is of even 
greater importance. 

All distribution engineers are well acquainted with the lack of 
interest and consideration given to their needs by architects when 
planning new buildings, and it is hypped that some*improvement 
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may be looked for in post-war reconstruction, not only as to 
space and ventilation but also regarding access for transporting 
plant from the public highway. 

(8) FIRE-FIGHTING INSTALLATIONS 

(8.1) General 

The problem of the fire protection of plant, which has been 
fully discussed elsewhere, 6,7,8 can be divided into two parts: 
(a) Extinguishing the fire by limiting the flow of burning oil 
into a confined space, where it may be effectively extinguished 
by fire-fighting appliances, (b) Limiting the size of that space 
by dividing sections of plant into a number of fireproof com¬ 
partments. 

In planning new stations, particular attention has been given 
to the layout of plant and buildings in accordance with the 
recommendations referred to, but in older stations the problem 
is not so straightforward. In these cases considerable use has 
been made of fireproof screening of a type using heat-resisting 
# material compressed between two perforated steel sheets. This 
‘possesses good mechanical rigidity and is used for partitions 
and canopies for plant, and as a means of enclosing cable and 
multi-core runs in vulnerable positions. Further precautions 
consist of fireproof taping around cables, particularly between 
cable boxes and floor level; the use of sand or pebbles in open 
cable trenching; catchments under the switchgear and retaining 
walls round transformers, with adequate drainage pipes where 


necessary; the sealing of all holes between switchgear floors and 
cable basements; and the use of automatic fire-fighting instal¬ 
lations. , n 

It is important to use different routes for d.c. supply cables 
for each section of the switchgear. Circuits common to a 
number of units should be interconnected either at the control 
panel or, if at the switchgear, in tubing preferably below floor 
level; so that the failure of a switch unit, causing explosion or 
fire, will not affect the operating circuits of adjacent equipments. 

r 

(8.2) Maintenance Schedule 

Table 3 gives a maintenance programme for automatic 
installations and portable extinguishers. 

(8.3) Automatic Installations 

Indoor switchgear is far from watertight, and much care is 
taken on site to avoid excessive humidity or condensation. 
The use of water for extinguishing fires on such plant is un¬ 
desirable since if water comes in contact with the healthy units 
of the section there will be considerable delay in re-commis- 
sioning, and possibly serious trouble. The use of gas under such 
conditions has considerable advantages. 

Station batteries are generally used for supplying booster 
pumps for water installations. A certain minimum pressure 
is required for foam systems using water supplies; this is’obtained 
by a booster pump or from the pressure head of a water storage 


Table 3 

Maintenance Schedule for Fire-Fighting Installations 



Type 

Work to be carried out 

Interval 

Special notes 

AUTOMATIC INSTALLATIONS 

Water 

Log water pressure 

Log air-detector line pressures 

Weekly 

Weekly 

Air lines liable to condensation to be drained quarterly; lines to be 
recharged with air as required 

Routine-test motor and control gear 

1 mth 

On some systems motors operate if water pressure drops below a certain 
mark owing to valve leakage. This test is inclusive of such operations 

Check indication and alarm systems 

3 mth 

Test by operation of drainage valves in each section in turn 

Examine and overhaul motor and motor control gear 

1 yr 

Liquid starters to be topped up as required. If’storage tanks have 
automatic filling, examination to be made of ball valves, etc. 

Examine detectors, nozzles, etc. 

1 yr 

Where possible make test by discharging installation for short period 
on outdoor switchgear and transformers; main filters to be cleaned 

Gas, CO 2 
or methyl 
bromide 

Weigh cylinders 

1 yr 

Cylinders of more than 10 % drop in weight to be recharged. First 
check 6 months after installation 

Check automatic and manual valves. Operate gas-release 
mechanism, inspect nozzles, etc. 

1 yr 

Where portable nozzles with reeled tubing are embodied in installation, 
tubing to be carefully inspected for deterioration 

Check indication and alarm systems 

3 mth 

— 

Foam 

Test opened drums of foam powder or liquid; overhaul 
booster pump and control gear; 
routine-test motor and control gear 

1 yr 

1 mth 

Take samples and mix with water to check adequacy of foam; powder 
types—inspect for “caking” or signs of moisture; dry ar mixing 
chambers after test 

Test contents in 2-liquid type 

1 yr 

Test for reaction by samples of each liquid 

Check automatic and manual valves 

lyr 

5 

Examine sprays, etc. 

1 yr 

Pipes checked by compressed air 

Check indicating and alarm systems 

3 mth 

— 0 

ca 

Pi 

: s 

m 

i 

1 

1 

2 

Foam 
portables 
and engines. 

Inspect all valves and nozzles, test contents 

1 yr 

Test for reaction by samples from inner and outer containers, according 
to particular make 

. 

Gas cylinder 
equipments, 
C0 2 and 
methyl 
bromide 

Weigh cylinders ✓ 

lyr 

Particular attention to condition of hoses 

' r 

Soda-acid 

Inspect valves and nozzles, test contents 

lyr 

Test for reaction by samples. Alkaline solutions need changing every 

2 years in most types 

Carbon tetra¬ 
chloride 

Check that containers are full 

lyr 

CCI 4 volatile, does not deteriorate > 

Water and foam 
^hydrants 

Inspect valves and hoses 

lyr 

“Wet” test canvas hoses for water or foam; inspect f£r deterioration ' 

Breathing masks^ 

Inspect condition, test pressure in cylinders 

---r— _ ____ 

lyr 

Keep apparatus in box, in cool dry position 


mT>: 
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tank. Where standby petrol-driven pumps are used on water 
and foam installations, they should be tested once every month. 
Water*stors*ge tanks are desirable, especially under war condi¬ 
tions, both on water &id on foam installations. 

Hand-controlled isolating valves should be fitted to all main 
sections, so that any section can be isolated after operation and 
the installation quickly made ready for further service. 

Air-detector lines for outdoor plant should be carefully 
installed so that drainage, necessitated by condensation, can 
be carried out in every section. Careful assembly of all pipe 
joints and valves is imperative so as to avoid small air leaks, 
which are often difficult to locate and may lead to inadvertent 
operation. 

On water installations the systems should be drained annually, 
and filters on the main bus piping should be thoroughly cleaned. 
Spare valve seatings for automatic water valves, together with 
spare detectors, should be readily available. 

Gas fire-fighting installations possess the advantage that no 
* external supplies are needed for operating them, except where 
electrical detectors are used. Where the same battery of gas 
cylinders is used to cover sectionalized compartments of the 
plant a reserve battery is necessary to take care of a further 
fire in any section, and to cover the period when cylinders are 
being replaced and recharged. In a number of substations, the 
arrangement adopted is a battery of cylinders operating from 
automatic control with a similar battery in reserve, controlled 
from a centrally situated manual control panel. Special anti¬ 
vibration trip toggle releases are fitted to all installations. To 
provide adequate ventilation for indoor transformers screened 
for gas protection, use has been made of ventilating partitions 
at the lower parts of the enclosure, which drop under gravity 
m when .released by pressure switches operated by the gas on 
discharging. 

Gas can be applied either by flooding a completely enclosed 


section or, as has been adopted in some large 22-kV indoor 
substations, byreleasing it in a partially enclosed space formed by 
partitioning at the back and two sides of sections of switchgear, 
leaving the front open. This arrangement has been found 
effective and is economical in gas where the cubic capacity of 
the switch-house is considerable. The ideal application, however, 
is the ability to flood an enclosed section with the necessary 
concentration. 

The independence of the gas installation, together with the 
small space required for cylinders and low maintenance costs, 
makes it an admirable medium for flooding transformer chambers 
in vulnerable positions. 

(8.4) Safety Precautions 

Provision should be made for suitable emergency exits from 
all fireproof compartments. Manual control of automatic fire¬ 
fighting installations is adopted in sections where maintenance 
work is proceeding. This is not because of the danger arising 
from the fire-fighting medium but because of the risk of inad¬ 
vertent operation of the installation by possible damage to 
detectors while personnel are working on the top of high 
switchgear and transformers, with the possibility of their meeting 
with serious accident should the installation discharge. Breath¬ 
ing masks fitted with air-storage cylinders are of great assistance 
in dealing with smoke and fumes, and should be available in 
every station. 

(9) PROTECTIVE GEAR 
(9.1) General Considerations 

The basis of sound protective gear is simplicity, and a careful 
consideration of system layout relative to the protective gear 
necessary may avoid the use of highly complicated arrangements 
with their attendant excessive maintenance demands. The neces¬ 
sity of quick-acting discriminating protection on main trans- 


Table 4 


Maintenance Schedule for Protective Gear 


feTts'on^S wiring of protective current transformers, inspection of connections at termination blocks, multi-core cables and control panels. 

(2) Testing^ ^tests on tripping a P nd intertripping, alarmJndMtalpromts and relay signals. 

(3) Inspection of relays, with particular attention to plug bridges, d.c. contacts and air-gaps of induction-type relays. 


Type of protection and Section Ref. No. 

Type of relay 

Additional maintenance tests 

Discriminating pilot-wire protection on feeders 
• using circulating-current or balanced-voltage 
principles, (9.3.4) 

Instantaneous 

(1) Insulation and loop-resistance tests on pilot 

(2) Operation by secondary injection from c.t. s at each end 

(3) Stability check on load 

Restricted earth-leakage protection on trans- 
. forme*; balanced earth-leakage protection on 
reactors, etc., (9.3.5) 

• • 

■ m •. 

Single-pole i.t. induction 

S^StabUity*tests by primary ampere-turns injection: applied to transformers with separate 
neutral c.t. and to balanced earth-leakage on reactors 

(2) Operation tests by primary ampere-turns injection from each c.t. 

(3) Stability check on load 

Electrical-balance types. . . . _ , . »„ . 

(1) Operation tests by secondary injection from each set oi c.t. s 

(2) transformer with neutral c.t., check stability by circulating 
primary current between each line and neutral from a generator or testing trans¬ 
former 

Overall circulating-current protection on trans¬ 
formers 

3-pole i.t. induction or 
3-pole instantaneous with 
“kick” fuses 

(1) Insulation tests on pilots ... , • 

(2) Operation tests by secondary injection from each c.t. 

(3) Check relay current with transformer charged from one side 

(4) Stability check on load "* 

Busbar-zone protection (balanced earth-leak¬ 
age). (9.3.7# 

• 

Master a.c. relays of single- 
pole i.t. induction type 

(1) Balance tests by primary ampere-turns injection . ' • , • 

(2) Test operation of d.c. contactor: check balance tests with contactor closed 

(3) Operation tests of each master relay by primary ampere-turns injection 

(4) Check timing relays , ■ , . A . 

(5) Test operation of tripping relays from each master relay 

(6) Individual tripping tests on each circuit 

(7) Test alarm circuits 

Over-current protection on all equipments, 

1 Unrestricted earth-leakage protection for: 

Busbar-zone protection 
^ Sectionaliz^jg points, etc. (9.3.3) 

Inverse-time nduction 

Instantaneous 

Inverse-time induction 

(1) Operation tests by secondary injection from c.t. terminals; timing tests, using electric 

timing clock, to be carried out periodically on induction types 

(2) Check current in earth-leakage relays on load 

! Buchholz protection on transformers 


Test tripping and alarm by introducing air under pressure between transformer and ( 
float chamber • • m 

4 
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mission systems is evident, but on distribution networks, of 
suitable layout much simplicity can be obtained by the applica¬ 
tion of over-current and earth-leakage protection. The bulk- 
supply system of one London undertaking consists of a number 
of generating stations interconnected by a network of 66-kV 
and 22-kV feeders, which, in turn, supply a number of dis¬ 
tributing stations throughout the area. The two networks are 
earthed through earthing resistors at generating stations and 
distributing stations. The commissioning and maintenance of 
all protective gear is carried out by a protective-gear engineer 
and assistants, centrally located; at the points of supply to other 
undertakings testing is carried out in co-operation with the 
engineers of these undertakings. 

Current transformers for balanced protective schemes are 
installed for that purpose only, and 3-pole inverse-time over¬ 
current relays, operating from instrument current-transformers, 
are installed as standard equipment on all units. In balanced 
protection the minimum ratio of relay operating current to 
current available is 1 :3. 

(9.2) Commissioning 

Careful installation and initial testing of protective gear are 
important, 9 for incorrect commissioning leads to faulty per¬ 
formance with far-reaching effects which may necessitate con¬ 
siderable maintenance and jeopardize the continuity of supply. 

Short-circuit tests from an isolated generator, preceded by 
careful checking, are carried out where possible as a final check 
on stability of balanced systems under through short-circuit and 
earth-fault conditions, and for operating tests with internal 
faults; new plant is brought slowly up to normal voltage before 
being connected to the system. 


SERIES-PARALLEL LINKS 
FOR 110-V OR 230-V 



(9.3) Maintenance 

(9.3.1) Schedule. 

Table 4 is a schedule of protective gear installed on various 
units of the network under consideration. Col. 3 gives details 
of special maintenance, additional to that carried out as standard 
routine on every equipment. Routine tests are carried out 
annually. 

Thermal milliammeters are used for measuring spill currents 
in relays on balanced schemes. 

(9.3.2) Secondary Injection Testing. 

Routine testing of all equipment except main station generators 
is carried out entirely by injection. In injection testing, small 
single-phase portable transformers are used, the connections of 
a typical unit being shown in Fig. 4. An advantage of this 
method is the large measure of control for calibrating and also 
the low power input of the supply. Test windings are not 
embodied in current transformers except in isolated cases of 
the bar-primary type, where testing is facilitated by embodying 
a copper testing primary brought out to a suitable testing block. 
Multi-point test switches are not used; the authors prefer the 
use of bolted connections where possible, with studding of a 
minimum size of No. 0 B.A. 

(9.3.3) Relays. 

Relays should be well protected by means of closely fitting 
dustproof covers and the use of dustproof lead-in bushes for the 
terminals. Much ingenuity has been displayed by manufac¬ 
turers in designing relay signals of different size, colour and 
shape, and standardization here is long overdue. 

The d.c. contacts of the relay should receive careful attention; 
the authors prefer the type embodying a definite wiping action, 
as compared with that which relies solely on contact pressure. 
Gontacts should be kept clean, and if abrasive paper is employed 
for this purpose it should be of the finest grade, as used by instru- 


Fig. 4 .— Secondary injection transformer. 


Ammeter switch 
Stop Range (amp) 

3 ... 0-5 

4 . 0-1 

Short-time rating on all windings approx. 250 VA. Outside dimensions 8|in X 

8£in,x7in. Weight 18lb. 


Voltage control switch 
Stop Output (volts) 

2 ... *.. *.,. *. *. *.*..... 10 

3 .20 

4 .50 


ment makers. Silver contacts often become oxidized, but this 
does not appear to affect tripping. 

Contact resistance is especially liable to give trouble on 
circuits operating with a tripping supply of less than 100 volts, 
and particular attention to contacts is required on systems 
operating below this figure. 

Some relays are provided with an external tripping ..device v 
but in general this feature is being abandoned. Unless such a 
device is carefully designed and has a positive lock to give pro¬ 
tection against direct pushing, inadvertent tripping by cleaners 
will probably result. 

During tests on induction-type relays with inverse-time 
characteristics, it is important to check the minimum operating 
current. This test may also reveal faulty jewels or pivots, which 
generally result in jerky movements of the disc or drum. Varia¬ 
tions in timing sometimes occur through ageing of the brake 
magnets. The gaps between brake-magnet poles^ and pole 
faces of operating coils should be carefully inspected and cleared 
where necessary. Steps should be taken to ensure that the zero 
setting on the time scale coincides with the closing of the trip 
contacts. 

Where induction-type over-current and earth-leakage relays 
form the sole protection, and where they are used for important 
system-sectionalizing points, their timing should be tested* 
annually. When such relays are used for back-up protection 
this period can be extended according to experience of the 























a 


BEAUMONT ANt> GEARY: MAINTENANCE OF DISTRIBUTION PLANT AND MAINS ON A.C. NETWORKS 


119 


particular design. Induction-type relays hold their calibration 
well and the careful checking of the minimum operating current 
will often disclose mechanical and electrical faults; the calibration 
is sensitive to wave £orm, and when injection transformers are 
used for timing tests on site their output characteristics should be' 
checked; resistance control from a low-voltage mains supply is 

Multi-point tripping relays should be tested for minimum 
operating voltage, *i.e. at 50% normal voltage, and latch 

mechanisms checked for stability on vibration. 

Where relays are mounted on swing frames under switchgear, 
contacts and movements should be carefully tested to make sure 
they are vibration-proof. They are liable to damage, especially 
when switch trucks are used, unless particular care is taken. 

Mechanically operated relay signals offer advantages over 
electrically operated types; a series coil appears to constitute a 
weak link in the tripping circuit, as it is not possible to cover 
it by a “healthy trip” lamp unless the coil connection is brought 
out to a relay stud. Much elaboration can be avoided by the. 
use of a “free handle” alarm system. This system has the dual 
advantage of giving audible alarm should the breaker trip fiom 
vibration or from “slipping” of the mechanism, and also in 
being distinct from the tripping circuit. 

(9.3.4) Feeder Protection. . 

At times when balance tests of pEot-wire protective gear on 
load are being carried out, the back-up over-current relays should 
be set so as to afford complete protection. 

Before the war, pilot-cable testing was earned out annually 
and the experience of many years justified this practice. In 
war time there is the possibility of pEots being pulled or strained 
as the result of bombing, and so pilot-cable tests are earned out 
in the areas affected after each air raid. Apart from insulation 
tests by means of a 500-V insulation tester, loop-resistance tests 
are necessary in schemes depending on the resistance of the pilot 
circuit. On screened pEots used in a type of balanced-voltage 
protection with screens cut approximately half-way, capacitance 
tests on the screens are also carried out by applying UO-Va.c. 
earthed supply to each core and measuring the induced voltage 
to earth on each half of the respective screens The provision 
of pEot termination blocks with removable pilot links greatly 
assists such work, but they should be of robust d£»gn wl 
bolted connections and well-fitting covers capable ofbemg locked. 

(9.3.5) Transformer Protection. 

.Although electrical balance has been used in some cases, 
restricted earth-leakage protection has most generally been 
applied by a core-balance current transformer covering the delta 
.windings and main cables, and on the star side either by one 
transformer embracing the line cables and neutral or by an 
additional transformer round the neutral cable. Current trans¬ 
formers are mounted as near to the switchgear as possible. . The 
method of testing for balance in the latter case is by passing a 
number of turns round each transformer, circulating current 
supplied from an injection transformer, and measuring the spill 
current in the earth-leakage relay. By this test, stability at a 
high value of primary ampere-turns can be obtained with a low 

P Intertripping between the h.v. and Lv. breakers is rarned out 
by: (» 3-point earth-leakage relays where the same d.c. supply 
is used; (2) two separate tripping circuits on each relay with 
breakers using different d.c. supplies. Three-pole oyer-current 
relays on each side provide phase-fault protection, in the case o 
transformers feeding a distribution network, 3-pole over-current 
•relays on the h.v. side only are used in some cases, with inter- 
tripping to the l.v. breaker. An advantage of having, over¬ 
current relays on each side is that in the event of damage or bad 


connection on the pEots used for intertripping, the back-up 
value of over-current relays will trip each breaker independently. 
The advantage of an unearthed d.c. battery in these cases is plain, 
for it enables normal intertripping to take place should an earth 
fault develop on the interconnecting pilots. 

(9.3.6) Feeder Transformer Protection. 

This is a combination of feeder and transformer protection. 
Routine testing is carried out as for each section. Intertripping 
between the transformer protection and the remote end of the 
feeder is effected either by (a) operating a d.c. polarized relay at 
the remote end, energized by the operation of transformer 
protective relays; or (b) d.c. injection, applied to feeders protected 
by a form of balanced-voltage protection by interrupting one 
phase of the balanced system and injecting direct current across 
the break. 

(9.3.7) Busbar-Zone Protection. 

With the object of covering earth faults, this has been installed 
in ah 22-kV and 66-kV distributing stations and has been 
applied to metal-clad switchgear in two forms: (1) single-busbar 
scheme (applied to small stations); (2) double-busbar scheme 
(applied to stations taking a supply on each busbar from different 
sections of the network). A schematic diagram of the double¬ 
busbar scheme is shown in Fig. 5. Busbar-section switches are 
not tripped, and discrimination between two busbars only is 

attempted. , u 

Step-down transformers with delta h.v. windings fed from the 
22-kV network are not tripped by* the 22-kV protection. In the 
66-kV scheme having 66/22-kV transformers with delta/star 
windings, the delta side is tripped by the operation of the tuning 
relay and any one of the feeder earth-leakage relays, which 
embody a separate pair of contacts for this purpose. The 22-kV 
star side is treated as a feeder and is tripped by the 22-kV 
protection. Cabled reactors are treated as feeders. _ . 

Core-balance types of transformers are used exclusively and 
testing is carried out by a 4-kVA single-phase heavy-current 
tes ting transformer with output at 4 or 8 volts. Flexible cables 
are used for threading through the transformers or connecting 

to test-bar primaries. • • , 

In the single-busbar scheme no segregation of the bars is 
attempted. One a.c. master relay is employed, connected across 
the bars of the mid-point box, to which cables leading to each 
current transformer are taken direct. The master relay operates 
a multi-point tripping relay, which gives a tapping supply to 

the contacts of each earth-leakage relay. . 

The protection covers faults in cable boxes, but the time-lag 
of the master relay enables such faults to be cleared either by 
discriminating or by over-current relays. No intertrippmg is 
carried out at the remote end, and, in the event of a fault 
occurring on the circuit side of a breaker, back-up over-current 
at the remote end is relied upon. 

(9.3.8) Transformer Chambers. , 

When ring-main and transformer units are protected by 
direct-acting trips shunted by time-limit fuses, an annual test 
should be carried out by removing the fuses and checking the 
value of tripping by secondary injection, whEe mtertrippmg 
tests should be made between h.v. and l.v. breakers; smaU wiring 
should have insulation tests. 'Particular attention Should be 
paid to ensuring a good contact between fuses and clips, and 
if the . time-limit fuse shows signs of overheating or is known to 
have passed a heavy current, it should be replaced even if it k 
not fractured. The d.c. resistance of the coE should be as high 
as possible compared with that of the fuse, in order that the 
d c. c omp onent of transients may be by-passed by the fuses; tins 
is also applicable to relay coils shunted by time-limit fuses. 
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5. Schematic diagram of “double bar” busbar-zone protection. 


A, Over-current relay and instrument current transformers. 

(9.3.9) [Records. 

Records are kept of all commissioning 
tests and routine testing, together with full 
details of any special tests carried out. A 
relay record card is allocated to «t<-h 
equipment, recording on one side the types 
of all protective relays, serial numbers, 
range of relays, current-transformer ratios, 
etc., while the reverse side is utilized for 
the settings of such relays with equivalent 
fault current to operate, and for details of 
routine testing; each protective-gear pilot 
cable has an individual record card. 

(10) MAINS 
(10.1) Records 

It is probable that all undertakings base 
their mains records on ordnance survey 
maps, the scale of which will vary according 
to the district, i.e. congested town areas 
suburban or rural; and the form of these 
. records will be determined by the actual 
density of cables in the area. When a new 
area is being developed, the procedure is 
straightforward; but when a record is being 
set up of an area whose development has 
extended over 40 to 50 years a considerable 
amount of surveying is involved. Such an 
area is to be found within the boundaries 
of a London undertaking. Here the system 
is composed almost entirely of duct routes 
installed, over a long period; it has been 
dealt with by compiling four separate 
records. The first (Fig. 6) consists of an 
ordnance sheet, scale 44 ft to 1 in; a dotted 
te m the Figure shows the existence of 
a duct route ^with sections in full detail, 

. f 


Core-balance current transformers. 
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9 and also gives an indication as to the cables contained therein. 
In order that the route of each cable may be traced a second 
map, of the same scale,, is prepared showing the cable routes, 
together with indications of their nomenclature (Fig. 7). These 
two maps form the physical record of the existence and position 
of cables. 

For the purpose of operation two further records are con¬ 
structed, the first being a high-voltage key plan on a diagram¬ 
matic basis and the second a low-voltage key map on a geo¬ 


it will be seen that by arranging the relative 
positions of each joint so as to be the same 
at each “hole” very easy identification is 
obtained. Figs. 11 and 12 show the plan 
and cross-section of the route, while the final 
record is shown in Fig. 13, which records 
the information necessary to assist quick 
and accurate calculation when locating faults 
on mains made up of cables of varying 
cross-sectional area. 

These records will require to be amplified 
when dealing with 33-kV and 66-kV oil-filled 
cables. Additional information must be 
recorded during the course of installation, 
including details of impregnation and flow 
test of each completed oil section, together 
with pressure/volume curves of all feed tanks. 
A final profile of the route (Fig. 14) is pre¬ 
pared in graphical form and drawn to a scale 
such that the rise and fall of the route is 
greatly exaggerated in respect of the longitu¬ 
dinal measurement, and the pressure values 
are therefore more readily measured. Joint 
positions are marked and numbered, and the 
feeding points indicated. Superimposed on 
the profile are the calculated oil pressures 
at which each section is designed to operate. 

Records of the operating values of low- 
oil-pressure indicating switches are tabulated. 

Detailed service records are probably best, 
arranged as a card index system. A card 
should be allotted to each service and filed 
numerically in street order. The card should 
record length, type and size of cable, type 
and size of cut-out, phase connected on 
main distributor, and geographical position 
of joint in the path. 

It is essential that maps of existing cables be kept up to date 
and any alterations recorded daily. The system adopted for 
ensuring this will depend on the size of the undertaking, but it is 
essential that the operation key maps should show “breaking 
points” in both h.v. and l.v. networks and details of links in 
disconnecting boxes on a daily basis. 

A useful record is a card index for each disconnecting box, 
the full details , being entered on a separate card which should 
show location, type, capacity, date installed, and a small sketch 
of the layout of the cables connected. These cards should be 


graphical basis (Fig. 8). 

• For an undertaking operating largely in less congested dis- filed in street order and the reverse side utilized for recording 
tricts and with a mixed system of duct routes and direct-laid reports of inspections. A similar card-index record for drawing- 


cables, ordnance maps (scale, 88 ft to 1 in) have been con¬ 
structed which show all existing cables by means of various 
coloured lines, # the colouring indicating their type and voltage. 
ThesS maps are amplified in loose-leaf strip form at a scale of 
16 ft to 1 in, and all possible relevant details as to size, type, 
position, etc., are recorded; house services are embodied, 
together with an indication of their appropriate phase colour. 

In addition, key maps are provided for operational purposes 
on similarities to those outlined above. When new construc¬ 
tion <3f a major character, from 11 kV to 66 kV, is taking place, 
detailed records are compiled daily. A method which has been 
adopted for this is to bind the completed record of each run 
as a set *of loose-leaf books. This method has the advantage 
of tfeing suitable for use on site at a later period. 

• The salient points of this record are shown in Figs. 9 to 13, 
Fig. 9 showing a page of the index which gives the cable details. 
Fig. 10 shows a standard “joint hole” on a cable run (11 kV); 


in boxes where duct routes exist is desirable; each card would 
record location, size, type of construction, and details of 
contents. Duplication of all records is essential. 

(10.2) General 

Where multiple duct routes are laid, maintenance work, 
whether routine or breakdown, is considerably assisted by clear 
and accurate labelling of every cable in every drawing-in box, 
in addition to the keeping of accurate records. A good method 
is to use a stamped lead label “plumbed” longitudinally on the 
cable sheath. No new work or alteration should be considered 
complete until this labelling has been carried out and finally 
checked by an engineer. Where drawing-in boxes are not used, 
or the cable is laid direct, it is not possible to do more than 
label all joints. 

Maintenance is considerably reduced if care is exercised flt 
the original installation to ensure ^that cables are*properly sup- 
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Fig. 10.—Details of standard joint hole on Street “B” to Substation 
“S” Nos. 3, 4 and 5 cable run. 

straight joint or service tee, the continuity of the armouring is 
restored by bonding. Opinions differ as to whether the armouring 
should be plumbed on to the lead cable sheath, thus making 
sheath and armour a common conductor; or whether bonding 
should be carried out from armour to armour, with no contact 
between armouring and lead sheath. 

On direct-laid systems it is desirable to have a reliable man 
on patrol in each district to observe that work carried out by 
other authorities does not interfere with, or cause damage to, 
the cables. 

On multiple-duct routes where drawing-in boxes and inspec¬ 
tion pits are installed, these should be regularly inspected to 
check undue presence of water or gas, the results being recorded 
in a card index (see Section 10.1). Ventilator grids should be 
cleared at the same time, but if these are of the grid type,- set 
flush with street paving, it may be necessary to clear them more 
frequently. In order to prevent a leakage of gas from travelling 
any great distance through these routes, all ducts'"should be 
sealed on one side of each drawing-in box, so that each section 
of ducts is sealed at one end and open at the other. 


,nde>< Street “B” to Substation “S," Feeder 5 

Section 

Size (sq in) 

Length (yd) 

Date pulled 

Drum No. 

• Make of cable 

Joint 

Colours 

Jointer 

Date 







End 

connect 

St.“B”rR.W.Bl 

Lr.B.WJ “S” 

Smith 

20.8.38 

End connect 

To Joint 1 

0*25 

137 00 

18.8.38 

72/72164 

B.l. plain lead 

Joint 1 

St.“B”rR.B.W1 

LB.W.RJ “S” 

Pilton 

20.8.38 

Joint 1 

To Joint 2 

0*25 

217-67 

27.7.38 

63799 

B.l. plain lead 

Joint 2 

St.“B”rB.W.R“l 

Lw.r.bJ “s” 

Elmes 

28.7.38 


Fig. 9 


ported round the walls of drawing-in 
boxes and are led out of ducts in such a 
manner that the lead is not flattened on 
the mouths of the ducts. Much corrosion 
and subsequent damage has been caused 
by insufficient attention to this point, 
particularly where heavily loaded cables 
tend to “travel.” Joints occurring in 
drawing-in boxes must also be properly 
supported. 

Bonding will cause considerable trouble 
unless care is taken to ensure that it is 
sound mechanically. The only efficient 
method is to “plumb” the bond to the 
lead sheath of the cable. 

Where armoured cable is drawn into 
ducts, or laid direct in the ground,' it is 
/important to ensure that, if the armour is 
removed for* the purpose of making a 


• ' UTS 

4 JOINT HOLt II 
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Fig. 12.—Cross-sections facing Street “B.” 
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Cable data: 11 kV Route: Avenue to D.D. Substation Compiled by: T.V.B. Date: 4.9.39 Sheet No. 1 


0*38 mile 

Remarks 

Section data 

Section and 
Joint numbers 

Joint data 

Position of joint hole 

Actual length, yd 

Equiv. 
length yd. 

Sketch 

Bk. Ref. 

Length from Avenue 
(yd) 

Length from D.D. (yd) 


0-075 
sq in 

0*10 
sq in 

0*075 
sq in 


Book 

Page 

Actual 

Equiv. 
0*075 sq in 

Actual 

Equiv. 
0*075 sq in 







End connection 

24 

33-34 

_ 

_ 

675*66 

613*83 

Avenue substation 




— 

80*00 

60*00 

Section E.C.-1 

24 

57-58 



. 









Joint 1 

24 

34 

80*00 

60*00 

595*66 

553*80 

Avenue, o/s No. 401 

Plain lead, copper- 



— 

64*33 

48*24 

Section 1-2 

24 

34-35 






screened 






Joint 2 

24 

35 

144*33 

108*24 

531*33 

505*57 

Avenue, o/s No. 383 




_ 

92*67 

69*50 

Section 2—3 

24 

35-37 












Joint 3 

24 

37 

237*00 
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Fig. 13 


Large drawing-in boxes and inspection pits should be kept 
as dry as possible and, if these are constructed of concrete, 
good results can be obtained by the use of waterproof cements; 
a 32-candle-power carbon lamp will assist in this, if combined 
with an adequate ventilating pipe. 

Painting plain lead-covered cables with a bitumastic paint 
where they pass through damp drawing-in boxes will greatly 
assist in preventing corrosion. At the same time an inspection 
should be made of all bonding and plumbing of j oints, especially 
where cables are known to be carrying heavy currents inter¬ 
mittently. Cable sheaths should be inspected for corrosion at 
the mouths of ducts. 

Where duct routes are waterlogged there will almost certainly 
be impurities in the water. Any plain lead-covered cables 
should Toe watched to ascertain whether electrolytic action is 
taking place; this, of course, is possible only in drawing-in 
boxes. Where electrolysis is experienced, particularly if it is 
due to adjacent d.c. cables, the safeguard is to have a water¬ 
proofed duct riftr, i.e. a fibre or asbestos duct laid in concrete. 

Far*less damage by bombs has been caused to cables of the 
armoured type laid dir^pt than to cables in duct routes. 
Armoured cables, up to 11 kV at least, have been found still 
working in bomb craters, apparently undamaged. It was not 
necessary to effect any repairs when the crater was filled, and 
no subsequent breakdown has occurred in a period of 2\ years. 
Broke* ducts have caused much damage to cables of the plain 
lead-covered: type or the plain lead type with a hessian serving. 
Joints have been cracked owing to cables being pulled along ducts 
by the force of explosions in bomb craters. 



solid-type cable. The oil-filled cable system is dependent upon 
the satisfactory impregnation of the dielectric, which is achieved 


m (10*3) Oil-filled Cable Maintenance by dividing the route into sections fed by oil at a predetermined 

Oil-filled cables are becoming a more general feature of h.v. pressure. It is the maintenance of this condition that is th« 
networks, and involve maintenance additional to that of the primary object. • . 
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Where oil-leakage alarm systems are installed, pressure read¬ 
ings at all feeding points, taken at intervals of 3 months, should 
be recorded and the load and temperature conditions noted. 
In taking these pressure readings, one gauge of suitable range 
should be used in preference to permanent gauges connected to 
•each feed tank, as these are subject to corrosion and are liable 
to give false readings. The standard gauge should be periodi¬ 
cally checked throughout its range. 

Tabulation of the pressure readings may indicate small leaks. 
Dependent upon the magnitude of the. leaks, losses of oil may 
be replaced by periodic pumping of the tanks until such time 
as location and repair of the leak can be effected. Such leaks, 
possibly caused by cracked or porous joint wipes, split lead 
sheaths or loose pipe connections, may prove extremely difficult 
to locate without extensive excavation and cost, and it may be 
expedient to extend the boosting of tanks until the leak attains 
such magnitude that location is more readily effected. If this 
is done, any indication given by the oil-leakage alarm will be 
due to serious loss of oil, which will require immediate attention 
to prevent complete loss of pressure in the cable section con¬ 
cerned. The admission of air into the cable or feeding apparatus 
must be prevented, but, where such has occurred, immediate 
treatment by flushing or circulating may obviate replacement. 

The low or differential oil-pressure indicating switches should 
be tested over their operating range annually, and if the test 
results show any variation from those originally obtained the 
switches should be inspected. Such variation is usually due to 
excessive friction of the moving parts of the switch, which can 
readily be freed without alteration of the original settings. 

- Where tank pits are subject to flooding, more frequent inspection 
of these points will be necessary to ensure that pumping is 
carried out, enabling work to be undertaken if required. 

To enable the maintenance to be satisfactorily carried out, 
portable pumping and testing equipment must be available at all 
times, so that the lapse of time between indication of leakage and 
commencement of treatment may be reduced to a minimum. 

(10.4) Feeder Pillars, Network Disconnecting-Boxes, etc. 

These should be the subject of regular inspections, preferably 
not less than two a year, and should be painted with a black 
bitumastic paint (except possibly the outside of feeder pillars). 
Any h.v. disconnecting-boxes and ring-main units should have 
their diving-bell lids painted red as a ready means of identifica¬ 
tion and as a warning of danger. One method of identification 
is to allocate a serial number to each disconnecting box of 
whatever voltage, to paint this number on the lid of the box 
and also to insert metal figures in the concrete filling of the 
pavement cover. These numbers are recorded on the operation 
key maps (Fig. 8). Where the boxes are compound-filled the 
compound used should not set so hard as to crack even in the 
coldest weather, and any disturbance of the compound due to heat 
or water should be noted. All copper and brass contacts should 
receive a light coating of pure vaseline when the box is installed, 
and should be regularly inspected for corrosion. 

Condensation may take place inside disconnecting boxes fitted 
with diving-bell covers, particularly at seasons of warm days 
and cold nights. This condensation can be considerably reduced 
if the inside of the diving-bell cover is coated with fairly large 
granulated cork, and, in very bad cases, by the addition of a 
piece of sarking felt laid on the top of the cover. 

Free breathing should be allowed in disconnecting boxes, and 
the lip should not be filled with oil or vaseline. 

Some trouble has been experienced with brass bolts due to 
fracture when these are used for securing contact on links; a 
solution has been-found in the use of cadmium-copper bolts. 

The earlier "type of u phas^ barrier” in l.v. boxes, which were 


of teak, caused trouble by developing a c fungoid growth. 
Various paint compounds were tried to overcome this difficulty 
and a remedy was found in Dr. Angus Smith’s solution. * 

The more modem moulded-bakelite barrier has proved to be 
reasonably satisfactory. The only fault which has been noticed 
with this type of barrier is a slight elongation, producing a 
bowed side where the side is very long, which occasionally 
distorts the barrier unduly. 

House service cut-outs are seldom inspected in the majority 
of undertakings, and while such inspection may be almost 
unnecessary where a modern type of bakelite cut-out fitted with 
h.r.c. or other dust-type fuse is installed, there are large numbers 
of the iron-clad, type in existence. These should be inspected 
approximately every 3 years for rust and general corrosion of 
the iron box. Open-type fuses and earthing connections should 
be inspected and renewed if necessary. 

(10.5) Standardization 

Most undertakings have a variety of cable sizes and types, 
but it is desirable to reduce to a minimum the number of types 
and sizes used for all new extensions, and for replacements or 
reinforcements, depending on the type of distribution and density 
of load of the undertaking concerned. The authors suggest that 
for 11-kV cables the following sizes should satisfy all require¬ 
ments : 0 • 04,0 • 075,0 • 15,0 • 25 sq in. For intermediate voltages, 
as, for example, 3 kV in towns, one size only is suggested, 
namely 0*20 sq in for distributors, with, possibly, 0* 10 sq in for 
h.v. services to small consumers’ transformer chambers if these 
are arranged as a tee from a ring-main unit in the street. ^ for 
4-core medium-voltage cables, 0*10 and 0*20 sq in will be 
found suitable for all cases except in very dense areas. Resi¬ 
dential properties of the suburban type can be served by one size 
only; the authors suggest 0*04-sqin twin cable, but if 0*0225- 
sq in is considered sufficiently large there should be no other size. 

Maintenance is simplified if standardization on these lines is 
carried out. A further argument for standardization is afforded 
in that the different types of jointing, fitting, etc., are reduced 
to a minimum, thereby simplifying training and supervision of 
jointers. These remarks particularly apply to l.v. service joint¬ 
ing: the most suitable method for twin services taken off 4-core 
mains is the trouser or breeches joint. It has the advantage 
of requiring the minimum of width in the public path, the cores 
can be exposed to any desired length so as to avoid straining 
insulation at the crutch, and final mechanical protection is 
simple. An effective method for providing this protection is 
the use of three reinforced-concrete slabs, one being placed on 
each side of the joint and the space between slabs and joint filled^ 
with hard pitch, the covering slab being finally placed on top! 
This type of joint is suitable for all cored-cable tee joints, such as 
a 4-core from a 4-core. 

Assuming that standardization of cables on as few sizes as 
possible is desirable, distribution engineers will lay dovyn the 
standards for any particular undertaking. 

It is of great assistance in identifying cables laid direct in the 
ground if a particular type of serving and armouring is allocated 
a particular voltage range, e.g. low voltage; 2 kV-3 kV; 11 kV; 
etc. If the range of servings is not sufficient for Ihis it may 
be supplemented by further protection of a different sort; 
e.g. a 5in red concrete slab for 3 kV and a 7in for 11 kV* 

Similar remarks apply to plant installed in the public high¬ 
ways, e.g. transformer pits and their contents, h.v. and l.v. ring- 
main units, disconnecting boxes, etc.; if a standard layoyt is 
adopted replacements of parts and general repairs are facilitated, 
and in rain and darkness location of the particular box required 
is made easy. The essential points of the maintenance pro¬ 
gramme are given in Table 5.. 





(11) CONCLUSION 

It may be thought that in this paper the subject of maintenance 
has been approached with too much bias towards the design 
and layout of the initial installation. The authors have, how¬ 
ever, endeavoured to show that maintenance, combined with 
adequate records, can foster improved design, to the mutual 
advantage of manufacturer and user, in order to obtain for future 
purposes the best design and layout practicable. 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, 10TH NOVEMBER, 1943 


Mr. W. Casson: I believe that many of the major disasters 
with electrical plant have occurred owing to a combination of 
circumstances, one of which has been a defect that could have 
been detected by maintenance work or routine testing. Never¬ 
theless, there are many engineers whose policy is to let the gear 
look after itself, and although they may in their period of office 
have no major breakdowns, their successors may have a very 
different experience. The result is often to swing the policy 
in the reverse direction, namely to over-maintain the gear, 
which is also awevil. The right "policy can only be found after 
a period of years as a result of a careful examination of mainten¬ 
ance records, the cost inycjlved, the effect of circuit outages and 
methods adopted. It is therefore very useful to obtain other 
people’s experiences such as those presented in the present paper. 

The Central Electricity Board’s high figure of 92% correct 
operation of protective gear for the whole country for each of 
the la# two years could only have been obtained by careful 
design and maintenance of all the gear involved. Much can 
be done by routine testing, particularly in tripping tests on 
circuit-breakers from protective relays, alarm tests and simple 
periodic inspections. In this connection I was very interested 
jp the test equipment shown in Fig. 3. It is essential to have 
a scheme in which all items of test or inspection are listed, and 
there should be no chance of anything being overlooked or 
omitted. If tests or inspections cannot be carried out on the 


scheduled date, then the scheme should ensure that they are done 
at the first available opportunity after that date. 

The paper deals only with cable systems and we should all 
welcome a similar paper on overhead systems, for it is generally 
impossible to have simple protective gear with these. 

As regards busbar protection, I consider the replacement of 
auxiliary switches by hand-operated knife switches to be an- 
improvement. An alarm feature is provided to ensure that the 
switches cannot be left in the wrong position. 

Under feeder protection I note that tests on load are carried 
out periodically, and that when the balanced protection is 
temporarily cut out for this purpose the back-up over-current 
relays are set so as to afford complete protection. I do not 
propose to comment on the need for balanced protection if 
complete protection is afforded by over-current protection, but 
it is highly probable that the arbitrary rule of dividing the setting 
by two is applied, rather than deriving a setting after carrying out 
calculations of fault current on site and envisaging the type of 
fault which might occur. 

I support the authors in their plea for greater co-operation 
between maintenance engineers and designers, not only of the 
gear but also of the network. 

In conclusion, I should like to pay a tribute to the high standard! 
of maintenance work outlined in the paper; althougly t may not be 
economically practicable for all supply authorities to carry out 
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this work in such a manner or to have the staff to deal with it, never- in the utilization of labour, I have found it desirable to* split the 

theless it provides ideas for improvement and modification. two sides, as it is generally necessary to regulate the maintenance . 

Mr. G. N. Wright: I consider the title of the paper to be very staff in such a way that they work continuously to a predetermined 
modest, as it contains so many useful suggestions regarding programme, whilst it is easier to regulate fluctuations in labour 

design and layout with a view to facilitating maintenance, requirements on the capital-works side. I agree, however, with 

There is much to be said in support of the authors’ statement the authors that when intensive development has been completed 
in Section 1 that it is an advantage for the staff responsible for a combination of the two departments becomes essential, 
maintenance to be also responsible for installation and, I would As to safety precautions, the “permit-to-work” card system 
add, for choice of design. Failing this, it is essential that the is a well-tried one, but it needs to be backed up by a good, simple, 
departments concerned should work harmoniously together. fixed code ©f working rules. In addition, having attended coroners’ 

With regard to Section 6 and the acidity of transformer oil, the inquests following accidents, I have become very conscious of the 

"‘safe” figure appears to be a very debatable one. Some years ago need to keep a register of authorized and competent persons, 

it was considered dangerous if 0-2 mg KOH per gramme of oil was which also prescribes the areas within which they may operate, 

reached. Later, up to 2*0 mg was considered safe. The figure Period intervals for carrying out maintenance work have been 
of 1 * 0 mg recommended by the authors seems to be generally suggested in Tables 1 and 2. With regard to switchgear, I 
accepted by the industry at the present time. * think the amount of maintenance work economically necessary, 

In Section 7 the authors mention the trouble-free performance and the interval period, need to be based upon a diagram showing' 

of hermetically-sealed transformers of comparatively small the position of each switch relative to the source of supply and * 

capacity. Is there any limit to the capacity for which hermetical the follow-through fault current which can pass, together with 

sealing is possible, and, if so, is this due to economics or to design? information regarding the type and rated capacity of the switch 

, I agree that it is undesirable to use water fire-fighting instal- itself. For, whilst it may be necessary, frequently to overhaul 

lations for most types of indoor switchgear. Where the risk to be a switch when installed near to the source of supply where the 

covered is of small value and dimensions, the cost of such an fault current is likely to be heavy, several openings under fault 

installationwouldbeprohibitive,evenifspacec6uldbefoundforit. conditions and longer intervals between overhauls could be 

Mr. L. H. Welch: The importance of this subject is shown by permitted at positions more remote. A diagram as suggested 

the fact that the switchgear and cables concerned in Great would enable switches to be zoned into categories of varying 

Britain cost more then £300 million. A still more important time-intervals for overhaul. Although I realize that after each 

aspect is that bad maintenance frequently leads to accidents switch opening under fault conditions it is desirable thoroughly 

involving injury and even loss of life. I am in almost complete to examine the switch where the load conditions are heayy., it 

agreement with the authors and believe that the various tables is probable than this would be uneconomic in rural areas where 

embody sound engineering practice, the details and figures long lengths of main provide relatively high impedance. Recently 

given being more reliable than some of those issued recently in we have found it convenient to include in our maintenance 

B.S. 1086 (“Maintenance of Electrical Switchgear”) under the schedule an extra item, which confirms examination of the 

heading of “typical good practice.” I doubt whether any supply winches lifting the oil tanks, as these now form equipment 

undertaking takes samples of the oil in every switch tank once requiring periodic examination under the Factories Act. From 

every 3 months, as suggested in this B.S. specification. the information so provided on the schedule a certificate is then 

Rarely-operated switchgear in small chambers or on con- made out in the office which is acceptable under that Act. 

sumers’ premises is frequently neglected. It offers a main- The authors have referred to periodic power-factor testing to 
tenance problem directly opposed to heavily-loaded and ascertain deterioration of insulation, but I cannot see'aay reference 

frequently-operated circuits, such as electric-furnace gear. Oil made to the “Tebo” stick which we have found useful and simple 

is the least stable element in control gear and switchgear to handle, particularly for insulators used outdoors, 

to-day, and many would like to see equally-reliable enclosed Mr. H. C. Wells: I do not fully agree with the authors’remarks 
apparatus avoiding the use of oil. I endorse the authors’ relating to the cold treatment and filtration of oil. I have had 

remarks regarding cold purification of oil whenever possible. very satisfactory results with.one type of apparatus which heats 
The change in design of switchgear was very rapid before the the oil, filters it, and finally drives off the moisture. I consider the 

war, so that most maintenance engineers are now faced with testing ofthe acidity of the oil to be very important. Regular tests 

the problem of maintaining gear which is 10 or more years old should be made at least every 12 months, and careful records kept 

and out of date. Many of the manufacturers’recommendations with a view to ascertaining the rate of increase of acidity, if 

on maintenance are based on theoretical grounds; a good any. 

example of this is the use of heavy oil in isolating-switch chambers With regard to oil-cooled transformers in underground 

dr busbar-selector chambers. AH are agreed that these units chambers or pits, the undertaking with which T am associated 

require inspection, but the difficulty of handling the oil often has had very satisfactory service over many years from the 

means that there is a tendency to let well alone and neglect the hermetically-sealed type of transformer, and inspection has 
work, or increase the period between overhauls to an undesirable shown that there has been little or no deterioration of the oil. 
extent. In short, the maintenance programme must be deter- With regard to switchgear and the use of busbar selectors, I 
mined by the maintenance engineer; he, in turn, will only arrive think it depends very much on the position of the switch in the 

at a reasonable and economic programme if he keeps careful system and the number of times it is likely to require to be 

records of the performance and maintenance of the apparatus, changed over, whether the oil-filled selector type or th# plug 

The authors rightly call for good records, and I should like to type should be installed. Unless a switch is very frequently 

see added a complete system of fault reports, and by “fault” operated, I should always favour the plug type. 

I mean any abnormal occurrence, however trivial. Many troubles have undoubtedly arisen with switchgear 

Mr. H. C. Waters: I think the authors’ statement regarding the owing to the use of plugs and sockets on the auxiliary wiring ; 

use ofthe same staff for capital and revenue work needs qualifying, connections. I think that switchgear makers should give ever^ 

Puling intensive development periods, capital work sometimes attention to this point and standardize, wherever possible, on some ! 
assumes considerable proportions compared with routine main- form of switch which will permit the movable portion to be moved % 

tenance ofexistingnetworks. Jnorder to attain tliehighestefficiency without actual disconnection of the auxiliary wiring, except; of i 
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course, where the switch has to be entirely taken away. If that 
were done # many failures would be avoided. 

Fof small-transformer circuits, particularly in underground 
chambers, I think it would be desirable to omit automatic 
switchgear altogether, since modem transformers are usually 
much more reliable than are the cable systems supplying them. 
Such elimination of automatic switchgear would obviate many 
interruptions to supply resulting from lack of discrimination of 
protective apparatus and would save considerable maintenance cost. 

As to fire-fighting apparatus, I think that gas equipment is in 
every way preferable for switch-houses where the use of water 
would be liable to affect - other switches remote from the one 
which may be the cause of the fire. On the other hand, water 
protection is excellent for transformers and outdoor equipment. 

I wish the authors could have given more information on the 
question of the bonding of cables and apparatus. A great deal 
of avoidable trouble has- been caused in the past through lack 
of knowledge of the earth currents available at a given spot 
and the path they may take, and to inadequate bonding and the 
careless laying and crossing of cables, etc. 

Years ago most undertakings used to pressure-test their high- 
voltage cables annually. Is this of any practical value? 

The importance of standardization of cables, cut-outs, joint 
boxes, etc., must be stressed, and it is to be hoped that if the 
standardization of distribution voltages is made compulsory this 
will help in the maintenance of plant and gear. 

Mr. J. Welford: In Section 4 the authors state that repre¬ 
sentative values of the flash-point of insulating oils should be 
taken infrequently and that they are not necessary for routine 
testing. I cannot agree with this statement. Other faults, 
such as those due to high acidity or low electric strength, are 
quickly reduced and isolated by the operation of automatic 
switchgear, but such protection is impotent against the explosion 
of a cracked oil. I agree that the cracking of insulating oil is a 
very rare occurrence, but the results of such faults are sufficiently 
serious to necessitate all precautions being taken. If the labora¬ 
tory test is too tedious it should not be difficult to devise an 
apparatus to give an open flash test on site. 

With regard to Section 6 on transformer tests, why need the 
insulation-resistance tests include cables, cable boxes and circuit 
spouts of switchgear? It is comparatively easy to disconnect the 
transformerwindings from thecables, and specificreadings for wind¬ 
ings and cables separately would provide valuable information. If 
the transformer core is to be lifted for the examination of 
laminations, core bolts, etc., this disconnection cannot be avoided. 

The record sheets illustrated in the paper seem to be lacking 
in detafled information. I am in favour of a separate card, not 
only for each unit, but also for each overhaul. Such a system has 
the advantage that it can be designed on a question-and-answer 
basis, so that no detail is overlooked; this ensures that the 
fitter indicates the results of his examination of each specific 
part. * The final responsibility for all plant rests with th$ engineer, 
and test cards should therefore provide him with the fullest 
information and be so planned as to eliminate errors and over¬ 
sights (and other very human fallibilities) on the part of fitters. 

In Section 2 dealing with safety precautions, the authors do 
not mention the “permit-to-work” form given in the Standard 
Code of Practice, B.S. 1086. 

The authors’ remarks on close co-operation between the 
maintenance engineer and the designer cannot be too strongly 
emphasized, but I disagree with them that experience in a manu¬ 
facturer’s works should necessarily be gained by an engineer 
before he joins* a supply undertaking. If this point were sus¬ 
tained from the angle of maintenance work only it might be 
tenable, but it must be remembered that supply engineering 
fe much which is outside the range of the manufacturer 





in civil and mechanical as well as in electrical engineering. It 
has moreover its own specialized comers in the fields of chem¬ 
istry, combustion, administration, law and economics, and 
utilizes equipment not from one, but from many different manu¬ 
facturers. A properly-organized training scheme in an efficient 
supply undertaking, coupled perhaps with occasional visits to 
manufacturers’ works, can thus provide a training wider in 
scope and more relevant in detail to the sum-total of that know¬ 
ledge which the supply engineer requires. 

Mr. A. J. Gibbons: The criterion of satisfactory design of 
electrical plant is not so much what the designer thinks of it 
to-day but what the maintenance engineer will think of it in five 
years’ time, and I support those who stress the importance of 
liaison between engineers responsible for specifying the layout 
and design of new work and the maintenance engineer. Manu¬ 
facturers should be kept fully informed of maintenance experience 
so that design may be modified as necessary. 

I agree entirely with the authors’ comments on the superior 
merits of plug-change breakers, or, better still, change-over 
breaker equipments, on double-busbar metal-clad switchgear 
up to 33 kV. The saving of time attributed to oil-immersed 
change-over links is, in my opinion, illusory, since in any case 

I would prefer to have a breaker racked out before changing-over 
from one busbar to another. 

The authors have hardly touched on the important subject of 
the earthing of metal-work and earth plates. I should be 
interested in their views as to the nature and frequency of the 
tests they consider necessary on earthing systems and earth plates. 

The authors recommend a top oil temperature of 65° C for ; 
the “cut-in” point of forced-cooling plant on transformers. 
Would not the transformers run more efficiently if the cut-in 
point were higher and full advantage taken of the temperature 
limits laid down in B.S. 171? It is stated in the paper that 
with hermetically-sealed transformers oil temperatures as high 
as 80° C have not resulted in any trouble from sludge or acidity. 

What would the authors recommend in the way of inspection 
should they find a transformer explosion-diaphragm ruptured? 
Have they had any experience of core-fault indicators? 

The method described by the authors for carrying out capaci¬ 
tance tests on screened pilot cables is satisfactory and rapid, and 
requires a minimum of equipment, but the readings obtained 
are, of course, entirely arbitrary; it is essential that all tests be 
made with voltmeters having similar constants if the results are 
to be at all comparable. 

The authors mention that the majority of faults on cables of 

II kV and less are caused by mechanical damage. I would 
certainly substitute 22 kV for 11 kV, and in 5 years’ time I hope 
we shall be able to substitute 132 kV. 

Mr. E. H. Jesty: It is stated in the summary that the paper 
refers only to “underground” networks. I think this word 
should have been included in the title. From the title as it stands, 
one might have expected a comparison of maintenance problems 
relating to underground and overhead networks, which .would 
have been valuable. 

There is one important matter which the authors do not even 
mention, namely the financial aspect of maintenance. It would 
have been enlightening to hear what proportion of the capital 
cost one might expect to spend annually on the maintenance of 
an oil-filled cable. It is generally agreed that a reduction in 
distribution costs is imperative if maximum development is to 
be achieved. Do the authors feel that such a reduction is 
likely to be assisted by spending less, or more, than is at present 
spent on maintenance? 

Fig. 9 gives the length of a 0/25 in 2 11-kV cable between 
joints 1 and 2 as 217-67 yd. An accuracy of 0^07 yd, which 
is about 2|in, represents about f/30th of 1 per cent on that 
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length. I should like to know how this is achieved. Such 
accuracy cannot be attained by tape measurement or by the 
measurement of conductor resistance before jointing, since the 
jointer is likely to cut off more than 2\ in when butting the cores. 
To aim at such precision in assessing the length of each separate 
cable pull seems to me to be most uneconomic: and precision, 
like power-factor correction, becomes an expensive luxury if 
pushed to extreme limits. 

In Section 10.2 the need is stressed of having a patrol-man 
on direct-laid systems. Such a man is equally necessary on 
duct routes. Unreported air-raid and other incidents are often 
detected by the patrol-man, and in consequence many incipient 
faults are prevented from developing. 

I cannot agree with the authors’ suggestion, in Section 10.4, 
of putting identification labels on the lids of disconneeting- 
boxes or of letting them into the filling of box covers. Serious 
consequences can follow the interchanging of covers and, although 
it sounds incredible, covers do get interchanged in the most unex¬ 
pected manner. Once I found in south-east London a box cover 
labelled “Borough of Hammersmith Electricity Supply”; though 
I do not think that anyone was misled in that particular instance. 

Mr. H. Lowe: The paper seems to me to contain too many 
elementary points: e.g. that particular care should be taken 
during overhaul not to introduce impurities into the oil by the 
use of cotton waste for tank cleaning. 

I think that not only is it contradictory to speak of maintenance 
staffs carrying out both capital and revenue work, but also that 
the maintenance staffs are of an entirely different temperament 
from the constructional staffs, and that they should be chosen 
with that in mind. 

In Section 7 mention is made of the design of substation build¬ 
ings. Is it not for engineers to demand what they need rather than 
to let the architect give them either what he thinks suitable or can 
best spare, and which is often most unsuitable for its purpose? 

I realize that the paper does not refer to rural areas, but the 
authors suggest in Section 10.5 certain sizes of cables which they 
think should satisfy all requirements. In my opinion these 
do not go low enough. In the same Section, concerning Lv. 
service jointing, they say that the most suitable method for 
twin services taken off 4-core mains is the trouser or breeches 
joint. I think that requires much more justification than they offer. 

Mr. F. H. Pulvermacher: Have the authors had any experience 
of low-voltage re-wirable fuses? In the undertaking with which 
I am associated the custom is to carry out inspections twice a 
year and re-wire where necessary. Do the authors consider 
that one single wire is preferable to several of a smaller size? 
I admire the extremely detailed record card which they include, 
and which puts my own to shame. I have found a log-book 
very helpful, containing simply the bare dates and a brief sum¬ 
mary of the work carried out at all substations. 

If public lighting is not outside their scope, what sort of 
maintenance do the authors give lamps and chokes on mercury- 
discharge lighting where this has been out of use since the 
beginning of the war? 

Mr. A. W. Allwood {communicated): While it'may be true that 
in many undertakings, particularly those entirely urban in 
character, it is not possible to find continuous employment for 
a separate staff for new construction, in an undertaking engaged 
in developing a large rural area a separate constructional staff 
could be kept fully employed. Providing there is a close liaison 
between the constructional and maintenance staffs, there are 
many advantages to be gained by this arrangement. First, 
increases in construction costs, caused by suspension of work 
pwing tp labour being diverted to deal with breakdowns, are 
avoided, and^ secondly, there is less tendency for maintenance 
to be neglected in favour of constructional work. 


With reference to staff training, I am n<*t sure that works 
experience is necessary for all staff members. Tfye practical 
ability of a trainee may be equally well developed on a supply 
undertaking, with the advantage that he is, at the same time 
gaining a valuable knowledge of supply engineering. On the 
other hand, works training, which specializes mainly in pro¬ 
duction methods, may occupy two or three years after graduation 
at a university, with the result that the young recruit to the 
supply industry may reach about 24 years of age before attain¬ 
ing his first junior position in which he will require to learn the 
practical details of supply engineering. I would make an 
exception in the case of testing engineers, for whom training in 
a works laboratory is of undoubted advantage. In the case of 
jointers, there is a real danger that if they are trained on the under¬ 
taking, obsolete methods will be perpetuated. To avoid this, the 
foreman jointer should be trained by a good cable-making firm 
and should periodically return for instruction in new methods. 

I am glad the authors emphasize the necessity of noting relay 
signals after fault operation. It is surprising how little importance 
is attached by some mains engineers to such records; operators 
must be trained to make a complete record of all relay operations. 

Presumably owing to the nature of the undertakings with 
which they are associated, the authors have said nothing about 
the maintenance of overhead lines. This matter is of obvious 
importance on rural networks. The main essentials are: a 
regular system of line patrols reporting matters requiring atten¬ 
tion, arrangements with the distribution engineer for the isolation 
of parts of the network on which work has to be carried out, 
and the replacement or repair of equipment showing signs of 
damage or incipient failure. Tree trimming is also of impor¬ 
tance in preventing unnecessary interruption of supply. 

Finally, I should like to endorse the authors’ plea fol standard¬ 
ization. Many undertakings use far too great a variety of sizes and 
types of cables, joints, insulators, etc. The Norwich Corporation 
undertaking, with which I am associated, has recently reduced the 
number of sizes of cable used to about a third of those formerly 
stocked, and is reviewing the whole range of distribution acces¬ 
sories with a view to standardizing on the minimum possible 
number of different sizes and types. The saving in stores alone 
is well worth the trouble involved, and it is anticipated that the 
financial and technical advantages will be considerable. 

Mr. E. A. Burton {communicated): The authors do not mention 
Buchholz protectors when dealing with either transformers or 
protective gear. The size and importance of some of the trans¬ 
formers mentioned in the paper would appear to justify the 
fitting of these devices. If this is so it would be of interest to 
know the experience of the authors with the apparently simple 
“gas accumulation” function. What method do they use for 
collecting the gas, and have they any yardstick for tjhe interpre¬ 
tation of the results of chemical analysis of the gas? 

The initial fitting of the protectors very often appears to be 
more in the nature of an afterthought, the protector P being 
adapted to suit the pipework, rather than the pipework and 
tank cover to suit the functions of the protector. Forced 
oil-cooling, too, is sometimes not co-ordinated with the pro¬ 
tectors and the design of its pipework. Have the authors 
developed a standard code for protector pipeworkZr What are 
their views on explosion vents on transformers, particularly 
where Buchholz protectors are fitted? 

Winding-temperature thermometers are not mentioned. 
What, if any, is the authors’ experience with these instruments? 

From Section 4.1 the importance of adequate heating, and 
ventilation in switch-houses is realized. The provision oj£ 
thermometers is not uncommon in switch-houses. Unfortun¬ 
ately, however, personnel are not so sensitive to high 
humidity as they are to low (and high) temperatures, and very 
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often the dew-point is the only warning that high humidity 
conditionsjexist. In the more important switchgear installations, 
some^form of hygrometer, either of the indicating or recording 
type, would be a truer guide to the maintenance engineer of the 
effectiveness of the heating and ventilating arrangements. 

Mr. J. L. Carr {communicated): The necessity for careful 
organization for maintenance and control of extensive electric- 
supply systems cannot be overstressed, and the method outlined 
of pacing mains and substations under common control presents 
advantages in preventing overlapping and facilitating attention 
to local interruptions. 

Attention is drawn to the necessity for heating and ventilating 
substations adequately. It does, however, seem inefficient to dissi¬ 
pate heat from transformer chambers into the air, and then install 
electric heaters in the adjoining switch-room. Fire precautions 
naturally prevent interchange of air between the compartments; 
but, with adequate precautions, it should not be beyond the ability 
of the substation designer to improve on the present position. 

In discussing transformer oils, the authors’ statement that 
Grade “A” oil releases its acid content is unfortunate and 
inaccurate. Acid is an oxidation product and is not actually 
present initially; under suitable conditions, its formation may, 
to a large extent, be prevented. The fact that outdoor trans¬ 
formers are less prone to develop acidity is principally due to 
constructional features which reduce the probability of oxidation 
and the ingress of moisture; improved cooling facilities also 
contribute by reducing the temperature. The use of conservators 
has other advantages, namely in reducing the possibility of flash- 
over, at the terminals and the firing of explosive gas mixture 
in the tank in consequence. At least one disastrous fire reported 
some years ago had its origin in this way. With conservators, 
also,*sensitive gas detection is possible; the normal electrical 
protective arrangements adopted for transformers are at a dis¬ 
advantage in this respect. I consider that much greater use of 
transformers fittedwith conservators is desirable in future, particu¬ 
larly at points where fire risks are most important. Attention is 
drawn to a recently-published report of theE.R.A. on oil acidity. 

Too much attention may be paid to routine insulation- 
resistance tests, particularly as regards cables. Regular tests 
over a period of years on one h.v. system disclosed only one or 
two incipient faults, and the expense and inconvenience were 
not warranted. Commissioning tests on protective gear are 
most important: in the past, protective arrangements have 
frequently been condemned because of inattention to careful 
installation and subsequent maintenance. 

It is surprising to learn that much corrosion has occurred at 
jduct mouths in draw-in boxes; mechanical damage and abrasion 
has undoubtedly occurred, particularly inheavily-loaded duct lines. 

Standardization of a minimum number of cable sizes deserves 
full support. For high voltage we use 3-core cables of 0* 3 and 
0*15 in 2 ; for medium voltage, 4-core cables of 0-5, 0*3, 0*2, 
0 • 1 in 2 generally, the second predominating; but for 4-core services 
smaller sizes are used. This simplifies stocking and replacements. 

Mr. J. S. Forrest {communicated): This paper should do much 
to encourage power-supply engineers to adopt more compre¬ 
hensive and rational maintenance methods. 

In Sectiqji 2, the authors discuss safety precautions, and I fully 
agree Jhat live-conductor detectors should be used before applying 
an earth connection to cellular switchgear. These detectors might 
also be used with advantage on metal-clad switchgear, particularly 
when it ip necessary to apply the earth connections by hand. 

With reference to Section 4, it is usually convenient to combine 
. the testing of switchgear insulation with the annual maintenance, 
and in the case of outdoor switchgear both maintenance work 
and insulation testing should be done during the summer. A 
satisfactory insulation test for routine use is the measurement 
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of insulation resistance at a reasonably high voltage, say 
5 000-V d.c. Such a test will detect practically all the forms of 
insulation deterioration experienced in practice, and faulty 
bushings and switchgear operating-rods have often been located 
in this way. The insulation-resistance test can be carried out by 
the ordinary routine-maintenance staff, and specialized technical 
personnel need only be consulted in borderline or oBscure cases. 
A further advantage of this method of test is that the test equip¬ 
ment can be made safe to operate; this is an important con¬ 
sideration when an extensive testing programme is contemplated. 

In Section 4.7, the authors express a preference for permanent 
connections in flexible tubing between the circuit-breaker and 
the fixed portion of the switchgear. I should like to see this 
arrangement adopted universally. 

Regarding Section 6.1.2, it is worth remarking that it has been 
possible, in general, to maintain an acid value not exceeding 
0*2 mg per gramme for Class “B” oil in large outdoor trans¬ 
formers. It is now considered that one of the best criteria of 
the condition of an insulating oil is its power factor, but the 
power-factor test is seldom used as a routine-maintenance test, 
as some form of bridge circuit is required to make the measure¬ 
ment. The resistivity of transformer oil, however, is inversely 
proportional to its power factor, and thus forms an equally 
good criterion of the condition of the oil; it can be measured by 
relatively simple apparatus. This test is tending to replace, or 
at least to supplement, the usual breakdown-voltage test. 

I strongly support the authors’ plea for the standardization 
of switchgear, transformers and cables; such standardization 
should apply not only to the equipment as a whole, but also to 
component parts such as bushings and cable boxes. In general,’ 
any two items of equipment which perform the same function 
should be interchangeable. 

The authors make no reference to routine cable testing. • Do 
they consider d.c. pressure tests on cables effective for minimizing 
failures in service? 

Mr. G. W. E. Gray {communicated): Section 1 dealing with 
staffing is an all-important one. I suggest that there should be 
very little difficulty in post-war years of appointing Chartered 
Electrical Engineers to the senior and senior-assistant posts, both 
technical and administrative. Fitter and maintenance staff should 
undoubtedly be trained in manufacturing shops and also be given 
every opportunity to carry out both revenue and capital works. 
Employment of jointers and their mates on substation-plant main¬ 
tenance, as practised in some undertakings, is totally wrong. 

Section 2 makes no mention of the procedure adopted by the 
authors’ undertakings when isolating and earthing h.v. apparatus. 
Have the authors adopted the neon-tube test before earthing, and 
if so what is their opinion of its usefulness? 

Section 3 deals very comprehensively with record systems. 
Records with particular reference to substation plant are essen¬ 
tial, but one often finds difficulty in maintaining these, except 
where a specific records clerk is employed. I suggest below a 
method which should enable a substation engineer and hisassistant 
to keep records posted to date. A daily log-book is kept, in which 
detailed daily records are made of all work and tests carried 
out, etc. These are then posted to record sheets or cards as 
shown below. Other sheets or cards are suitably drawn up for: 
“General Lay-out of each Substation,” “General Data,” “Switch- 
gear Data,” and “Transformer Data,” etc. 

Sections 4 and 6 refer to very important factors, but routine 
maintenance is invariably difficult to ensure. A good motto 
is “To do all the good you can to all the plant you can whenever it 
is available.” When designing the network the extra capital cost 
involved to provide for adequate interconnection of systems, thqf 
enabling substations to be totally isolated foy reasonably indefinite 
periods, should not be too readilyyegarded as unprofitable. 
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Switchgear Overhaul 


Substation 

Switch Unit 

Date 

Remarks 

Oil 

Trip Tests 

Ref. 

Insp. 

8-12-43 I 

Overhaul 

30 kV B.D.V. 

O.K. 

A/150 

G.W.G. 


Transformer Overhaul 


Substation 

Maker 

No. 

etc. 

Date 

on 

Remarks 

Ref. 

Insp. 

Acidity 

Dielectric 

6-12-43 

1*5 mg 

30 kV B.D.V., 

Inspected 

A/127 

G.W.G. 


Mr. T. Kearns (communicated): I would endorse the statement 
that “sufficient attention is not always given to bold and con¬ 
spicuous labelling,” having in mind a near escape due to a bank 
of h.v. cubicle-switches being labelled only at the switch handles 
and not at the cable-entry positions at the back of the cubicles, 
where most of the handling of bare conductors takes place. 
The labelling of l.v. switchgear often starts in great detail, but 
falls into disuse owing to the impracticability of keeping up to 
date with frequent network alterations; this is particularly the 
case with distribution networks not incorporating feeder cables, 
where the, best method is to number the various l.v. switches and 
fuses. Identification is of great moment to maintenance work 
if there is to be no undue interference with supply. Part of the 
paper might with advantage have been devoted to the question 
of the bearing of maintenance on interference with supply. An 
exact knowledge of network loadings, also, is essential to enable 
awkward maintenance problems to be overcome, particularly 
with consumers requiring a full 24-hour supply. 

The authors state that for operational purposes on the l.v. 
network a key map is constructed on a “geographical basis.” 
Presumably this means on the basis of Ordnance Survey Sheets; 
whilst this is essential for development purposes, I suggest that 
for operational work a record for each substation should be 
constructed on a diagrammatical basis, showing cable distances 
to adjacent substations. Such record sheets are incomplete 
if they do not furnish the latest , maximum loadings, as well as 
the spare supply capacity available at the substations. The 
authors also state that the operational key maps should be 
kept up to date on a “daily basis.” Surely it is not intended that 
sectionalmng records are satisfactory if correct to within 24 hours. 
So many of the staff (not conversant with current directions of 
the control engineer) are affected by “breaking points.” 

In practice I have found the following method to be best. 


The l.v. operational diagrams are quadrupled; the first set 
placed in the control engineer’s office, the second in.the emer¬ 
gency engineer’s office, the third distributed throughout all 
substations, and the fourth (a “mobile” set) placed in the drawing 
office. The chief control engineer gives instructions for net¬ 
work alterations to the operating engineer, with prior information 
to the drawing office. The operating engineer takes the control 
and emergency sheets to the drawing office, where he is supplied 
with the altered “mobile” sheet. Before the work is effected 
the engineer removes the sheet from the substation concerned* 
and replaces it with the corrected mobile sheet after the work 
has been done according to plan. The absence of this record 
indicates that alterations are in progress—even though of a 
temporary nature—and care must therefore be exercised. H.V. 
procedure is on similar lines, except that sheets at substations 
would require too much attention, and small diagram books are 
issued instead to the operating staff. 

Mr. R. A. York (communicated): The authors state that periodic * 
insulation tests are made on transformer windings, and yet no 
mention is made of insulation tests, using either a high-voltage 
test set or a Megger tester, on high-voltage or low-voltage cables. 

I have found that such tests on high-voltage cables using only 
a Megger tester are very useful in tracing incipient faults. I con¬ 
sider the need for these tests much greater on cables than on trans¬ 
formers. 

In Section 10.4 it is stated that ail boxes must be allowed free 
breathing and that any lips on diving-bell lids should not be 
sealed. I disagree with this as I have found that the condition 
of both high- and low-voltage boxes has been much improved 
by sealing diving-bell lids. All troubles due to condensation 
and to water getting into boxes have been eliminated, even in « 
situations where a large head of water exists on the box. * 

The paper does not state the highest-voltage network on 
which street boxes are used and at what voltage link alterations 
are made on live boxes. 

The authors make no mention of either earthing or cable- 
fault location. I should be interested to know whether any tests 
are made previous to installing any earth electrode, what earth 
resistances are generally obtained, and whether any subsequent 
testing of earth resistances is carried out. 

It appears from the sample cable card, which gives equivalent 
lengths of cable for one size, that the Murray loop-test is the 
main method of fault location. For faults consisting of short J 
circuits between cores, or between two or more cores to earth, 
with or without open circuit, on cables up to 10 miles long and 
up to 11 kV, I have found that an induction method is much 
quicker than the Murray test. It can be carried out 'Without 
removal of consumers’ fuses, and is extremely reliable. The ^ 
method can be extended to short-circuits from one cpre to earth 
if isolation of the cable earths is possible. I should be interested 
to hear if the authors have had any experience with a similar 
•method. , 


THE AUTHORS* REPLY TO 

Messrs. F. N. Beaumont and F. A. Geary (in reply): Although 
general agreement is expressed on the necessity of close co¬ 
operation between maintenance engineers and designers and on 
the question of standardization, there is some cleavage regarding 
construction and maintenance being handled by the same staff. 
As Mr. Waters points out, the desirability of separate staffs is a 
question of the size of the undertaking and the development work 
in. hand, but co-operation between them is essehtial^we ag^ S 
with Mr. Wright’s summing up and with Mr, AJlwood’s remarks; ^ 
<we disagree with Mr. Lowe that temperament is a consideration. £■ 
Mr. Gray’s pqint that the network should be laid out so that plant i. 
may be made available for routine maintenance is most important. 


THE ABOVE DISCUSSION 

Regarding the routine pressure testing of cables raised by ^ 
Messrs. Wells and Forrest, we think that a high-voltage d.c. test, 
apart from the commissioning test, is unnecessary- if there is ;■ 
reason to believe that the network under review is normally j 
sound and that these tests are, in practice, productive of faults. ! 'A 
Mr. York’s insulation test is useful, where concentric cables with ; J 
an earthed “outer” are used, and we agree with Mr. Carr on' ; 'H 
this/subje^ . ;■ 

Replies to points of Individual Interest. ; - 

Mr. Casson. —The object of the reduced setting of the over-cur-; f | 
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an internal fault will be quickly cleared by a normal back-up feature | 
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without jeopardizingmhe continuity of parallel supplies. We con¬ 
sider that ovgr-maintenance is an uneconomical policy rather than 
an evil? but maintenance should err on the liberal side. 

Mr. Wright and Mr. Welch .—We agree entirely with their 
views. Hermetically-sealed transformers up to 2 000-kVA 
capacity are in use; the governing factor appears to be a me¬ 
chanical one. If applied to a unit with forced cooling the circula¬ 
ting system would have to be sealed from air intake. 

Mr % Waters .—We agree that the “permit-to-work” card 
system must be backed by a rigid code of regulations* In our 
undertakings a register of authorized persons is kept with the 
co-operation of the control departments. 

We do not agree that it is necessary to differentiate between 
switchgear near and remote from power stations; mechanisms 
on infrequently operated breakers require equal maintenance 
to ensure reliable operation. In accordance with the Factory 
Act all our lifting tackle, switch trucks, etc., are periodically 
* overhauled at an approved testing station. 

.Mr. Wells .—If preheating of the oil causes any impurities to 
dissolve, they will pass through the filter in the dissolved state; 
cold filtration is therefore favoured, particularly in dealing with 
transformer oils, in view of the relatively low temperature at 
which sludge dissolves. A type of flexible tubing for small 
wiring on switchgear in which a plug box is screwed to the 
breaker unit and which can be disconnected if the breaker has 
to be entirely removed, appears a satisfactory arrangement. 

We agree that in practice far too little consideration has been 
given to the bonding of cables and apparatus. Adequate thermal 
capacity must be provided to carry calculated possible fault cur¬ 
rents without damage to the lead sheaths of adjacent cables, etc. 
• Mr. Welford—The remarks in Section 6.2.1 on the “cracking” 
of oil nlso &pply to switchgear. We fail to see the reason for 
disconnecting cables from transformers for routine insulation 
tests: it is not necessary to test individual components unless a 
divergence from previous test figures is noted. We contend that 
only essential items of maintenance should be recorded; no 
record system, however detailed, will compensate for poor 
workmanship and training. The “penmt4o-work” card used in 
our undertakings embodies the same information as that in 
B.S. 1086" The average supply company affords little oppor¬ 
tunity for a student to obtain that basic workshop and con¬ 
struction knowledge which is essential in engineering education. 

Mr. Gibbons .—Apart from the initial tests on earth plates, we 
i recommend routine tests every three years; all bonding and earth- 
bar connections should be inspected during the routine overhaul 
of plant. The figure of 65° C top oil temperature for the “cut- 
in” point of forced-cooling plant is based on excessive sludging 
found in several units on the original setting of 80° C. 

Deterioration of bakelized-linen explosive diaphragms has 
been found; we would be guided by the kind of fracture and 
evidence of oil-throwing before deciding the nature of inspection 
necessary. Diaphragms are not fitted to hermetically-sealed 
types, but distortion and fracture of the bellows may result 
from excessive internal pressure. 

Core-fault indicators, based on the principle that a core fault 
causes a variation in the flux distribution, have been devised, 
but we have*no direct experience of these instruments. 

■ Mr. iesty.—The financial aspect of maintenance is beyond the 

scope of the paper, but the ideal is the minimum cost consistent 
with continuity and reliability of supply, and this must therefore 
determine whether less or more should be spent than at present 
on maintenance in any particular undertaking. 

% The accuracy *in measuring cable-sections was obtained by 
actual tape measurement. Since a long cable nm includes 
- many such sections, this accuracy is justified in arriving at a total 

V length for such purposes as the Murray loop test. 


Mr. Lowe .—The suggestion that engineers should demand from 
architects what they need is not productive of good results in our 
experience. The sizes of cables suggested in Section 10.5 cover 
those needed for an urban area; obviously they will not be suitable 
for all areas, but a minimum number of cable sizes should be used. 

The suggestion that the “trousers” type of joint for services 
taken off low-voltage mains requires more justification than that 
given in Section 10.5 is difficult to understand; we know of no 
other type of joint embodying all the facilities mentioned. 

Mr. Pulvermacher. —Low-voltage re-wirable fuses of the 
h.r.c. type are used in one of the authors’ undertakings and have 
given satisfactory service. In practice they are seldom, if ever, 
re-wired, as it is cheaper and quicker to put in a complete new fuse. 

We did not refer to public lighting. Most of the chokes on 
mercury-discharge lighting have been removed since the start of 
the war, as the insulation resistance was becoming very low, 
although some were left in commission and show no apparent 
deterioration. 

Mr. Allwood .—Assuming that a student completes his college 
training at 21 years of age aiid then enters one of the excellent 
apprentice-training schemes of the larger manufacturers, we believe 
his basic engineering knowledge at 24 years is wider than would 
be obtained by entering a supply company on leaving college. 

Mr. Burton .—Buchholz protectors are referred to in Table 4 
and are used on large units; alarm float and flap types mounted 
in the straight bus pipe, inclined at the recommended angle, 
between conservator and transformer tank, give good results. 
Detailed inspection is desirable after the operation of the alarm 
float if the gas is combustible. The performance of explosion 
diaphragms is doubtful; in one instance the transformer tank was 
fractured, leaving an intact diaphragm. Winding-temperature 
instruments are briefly referred to in Table 2; trouble from 
leakage of volatile liquid has been experienced. One London 
undertaking installs separate electrically-operated oil-temperature 
indicators on each transformer control panel to give a check on 
the performance of the cooling plant controlled by the winding- 
temperature instrument. We agree that a form of hygrometer is 
desirable in situations where very high humidity exists. 

Mr. Carr .—We endorse the desirability of having conservators 
on transformers; the exclusion of oxygen is responsible for the 
low acidity and sludge content of the oil in hermetically-sealed 
units. We confirm that corrosion does actually occur at duct 
mouths in “drawing-in” boxes. 

Mr. Forrest .—The approved method of earthing on metal-clad 
switchgear at our undertakings is to apply the initial earth con¬ 
nection through an automatic oil circuit-breaker after the remote 
end has been isolated and locked off; working: earths are after¬ 
wards applied where necessary. Detectors are not used on 
metal-clad equipment. We deprecate the “flashing” of spouts 
on metal-clad switchgear using an earthed cable. 

Mr. Gray .—Record cards of plant maintenance are filled in after 
each overhaul, and a daily log-book is kept for all operations. 

Mr. Kearns .—The procedure advocated with regard to opera¬ 
tional diagrams seems rather complicated and is unusual, in 
that a chief control engineer is responsible for Lv. network 
1 alterations, usually the function of thedistribution engineer. 

Mr. York .—We have had far less trouble on disconnecting boxes 
with free breathing than on those in which the lids are sealed. 

highest voltages on which street boxes are used, and alterations 
to links made live, are 3-kV single-phase and 3 *3-kV 3-phase. * 

; Earth-plate resistances vary; ah average is 0*25 ohm, but 
figures of the order of 0-01 ohm are obtained. 

We are very interested in the statement that faults on l.v. mains 
can be localized without removing consumers’ fuses, by the induc¬ 
tion method of testing. We haveused this method for h.v. feeders 

V’ : •• - 



EMERGENCY LIGHTING SYSTEMS AND THEIR APPLICATIONS, 
WITH PARTICULAR REFERENCE TO BATTERY EQUIPMENTS* 

By S. H. CHASE, Associate Member, f 


{The paper was first received 21th May , and in revised form 21th August, 1943, 

SUMMARY 

In recent years there has been an increasing call for the installation 
of emergency—sometimes termed “alternative” or “secondary”— 
lighting systems. These can be provided by candles or nightlights, 
gas, dry- or wet-battery torches, accumulators, engine-generator sets, 
alternative independent mains supply, or by a combination of 
several methods. The amount of emergency lighting may range from 
an intensity equal to normal down to the minimum considered neces¬ 
sary for safety and continuation of essential services. This paper deals 
mainly with the use of accumulators for standby purposes, operated 
either manually or automatically upon failure of the mains supply 
and capable of supplying loads for varying periods according to the 
class of installations, which are grouped under live heads. 


(1) THEATRES AND CINEMAS 

(1.1) Historical 

The Theatres Act of 1843 enacted that a licence must be 
obtained from the Lord Chamberlain or from the Justices of 
the Peace of the County (this power was later transferred to 
County Councils under the Local Government Act of 1888) before 
any premises could be used for the public performance of stage 
plays, but the earliest demand for the provision of an alternative 
source of lighting was probably that which followed the passing 
of the Metropolis Management and Building Acts Amendment 
Act of 1878, and similar Acts covering other parts of England. 
This Act empowered the local authority to make regulations 
governing the structural arrangements and equipment of any 
theatre or other place of public resort, and made it unlawful to 
open or keep open any such premises except in pursuance of a 
licence granted by the Lord Chamberlain or the local authority, 
and before such premises were used under any such licence they 
had to conform to those regulations. 

The regulations issued by the various authorities have, of 
course, been amended and amplified since that date, and now 
also cover premises kept for public exhibitions, dancing, music 
and other public entertainments of the like kind, and sometimes 
public boxing or wrestling contests. 

The issue of Regulations dated 30th July, 1923, by the Home 
Secretary, under the Cinematograph Act, 1909, applying to all 
buildings used for cinematograph exhibitions, still further added 
to the responsibilities of the local authorities. 

(1.2) Regulations—Local Authorities 

Local authorities now issue one set of regulations which apply 
to any theatre, cinema or other premises under their jurisdiction 
covered by the Acts, and although these are now based on the 
Home Office Regulations, with which they have to comply, there 
is no uniformity. 

There are, however, a number of requirements as regards the 
secondary fighting equipment which are common to most of 
these regulations, and it will be helpful, before describing the 
various types of equipment, if the more important of these are 
! referred to as follows:— 

(a) Detailed specifications and drawings of the proposed 
scheme to be submitted before the commencement of the erection 

1,1 Installations Section paper. 


It was read before the Installations Section 11 th November y 1943.) 

or adaptation of the premises, these to be fully considered and 
amended, if necessary, before approval, and later to form the 
record of the work. 

( b ) All portions of the premises to which the public have access 
shall be provided with two independent systems of lighting. 

(c) The lighting has to be maintained continuously the whole 
time the public are on the premises, and on neither of the two 
systems must the degree of lighting be less than is sufficient to 
enable the public to see their way out of the building at any time. * 

(d) Each system of lighting has to be such that a fault or 
accident on one system cannot in any circumstances affect the 
other. 

(e) Change-over switches or other arrangements by which all 
or any part of the minimum lighting can be transferred from one 
system to the other shall not be provided. (This condition has 
been modified and is referred to later.) 

(/) Exit signs may be illuminated by a light on either system, 
the lighting of which must not in any circumstances be extin¬ 
guished or dimmed while the public are on the premises. 

(g) Corridors and staircases which form the means oLescape 
from the stage or platform and dressing rooms, and the notices 
indicating the exit signs from such portions of the premises, shall « 
be provided with two independent systems of lighting. ’ 

( h ) The secondary lighting battery shall be installed in an 
enclosure of adequate size and be constructed of fireproof 
material, and shall be ventilated to the open air. It shall be 
charged before the admission of the public to such an extent 
that it is capable of maintaining the full secondary lighting load 
for at least 12 consecutive hours. It shall not be charged whilst 
the public are on the premises. 

Alternatively, the secondary lighting may be supplied by a 
battery in parallel with a convertor, provided it is run during 
the whole time the public are on the premises, and a pilot lamp or 
lamps shall be provided to show that the convertor is operating. 
The capacity of the battery must be such that it will supply the 
whole of the safety lighting for at least 3 consecutive hours. It 
shall be fully charged before the admission of the public, and the 
circuit shall be such that the battery cannot discharge through 
the convertor. When the battery is discharged to two-thirds of 
its capacity, the public shall leave the premises and shall not be 
re-admitted until the supply from the convertor is resumed and 
the battery is fully charged. * 

0*) The electrical installation shall be in the charge of a com¬ 
petent person during the whole time the public are on the premises, 
and a certificate by a qualified electrical engineer to the effect 
that the whole electrical installation has been examined and tested 
and is in safe working condition shall be submitted once every 
14 months. r f-f 

(k) Some authorities also make it a condition of the4ssue of 
a licence that the secondary fighting equipment shall be inspected 
and tested quarterly by a competent battery inspector. 

(1.3) Alternative Public Supply r . 

Where it is possible to obtain for secondary fighting purposes 
an electric supply from a source entirely separate from that of ; 
the primary fighting, and where a suitable tariff can be arranged, 
the scheme has advantages over other forms of secondary lighting ! 


t Chloride Electrical Storage Co., Ltd. 
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because in the even^of a failure of the primary supply the public 
can remain in the building until the primary supply is resumed, 
and fio special secondary lighting equipment is required. 
Separate enclosures rflust be provided, however, for the switches, 
meters, etc., of the two supplies, each enclosure being illuminated 
by both systems. The enclosures must be constructed of fire¬ 
proof materials, and must be in a dry position and ventilated to 
the open air. 

• (1.4) Charge and Discharge of Battery m , 

The secondary source has to be available during the whole 
time the public are in occupation of the building, and if a battery 
is employed to provide the secondary lighting its capacity must 
be sufficient to supply the secondary lighting for as long as 
12 hours. As the battery must not be on charge during the per¬ 
formance, it is a problem to decide how the battery, which has 
been on discharge for this time, can be recharged. In any event 
the daily discharge, followed by the necessary recharge of the 
battery, causes inevitable wear and tear on the plates and the 
expense of their renewal from time to time. Also, to obtain the 
best results from the battery, the attendance of the person 
responsible for the charging is required at times when the premises 
would otherwise be closed. 

(1.5) Floating-Battery Equipments 

An arrangement which avoids the daily discharge, allows a 
smaller-capacity battery (3-hour) to be employed, and at the 
same time provides adequate protection for the public, is the 
floating-battery equipment, and this is now the generally accepted 
practice. 

(1.5.1). Motor-Generator Sets. 

A typical equipment consists of the motor-generator set shown 
in Fig. 1, the battery being of sufficient capacity to supply the 
emergency lighting for 3 hours. Pilot lights are provided to the 
requirements of the local authority concerned, to indicate whether 
the normal floating conditions are obtaining or whether the 
battery is itself supplying the lights. 

The generator output has to be such that it will (1) adequately 
supply the full secondary lighting load (at least one authority 
requires a capacity 25 % in excess of thq total load), and (2) have 
a voltage range, with the series winding short-circuited, which 
will fully recharge the battery after an emergency discharge. 

The generator, being compound-wound, supplies the whole 
secondary lighting load through two reverse-current and overload 
circuit-breakers, the voltage being adjusted until the centre-zero 
ammeter reads slightly on the “charge” side, to ensure that the 
battery, under normal floating conditions, is kept as far as 
possible in a fully charged condition. 

A voltagS of approximately 2* 1 volts per cell has therefore to 
be applied to tlje battery, and the number of cells usually em¬ 
ployed on a floating scheme has to be that number which will 
enable this to be done, i.e. 48 cells for a 100-volt circuit and 
pro rata. 

It follows that the voltage of the battery, when called upon 
to discharge, must necessarily be lower than that of the floating 
combinatkjp, and on the 100-volt circuit will be no more than 
96 volts even at the commencement of the discharge. 

If tSe supply to the motor fails, the battery remains connected 
to the load, the reverse-current circuit-breaker preventing a dis¬ 
charge back to the generator and isolating this from the remainder 
of ttie circuit. Otherwise, and especially if the motor is driven 
by an a.c. supply, the speed of the motor-generator set remains 
^substantially constant, and by using a level compound-wound 
generator with close regulation the battery can be floated to give 
! a number of years of satisfactory service. 


A.C. or D.C 
MAINS 



Fig. 1.—Diagram of connections of motor-generator—-floating- 
battery equipment. 

A = storage battery G = shunt field regulator 


A = storage battery 
B = safety or secondary lights 
C = indicating lamp on panel 
D — remote warning lamp 
E — reverse-current and overload 
circuit-breakers 

F = motor driving level compound 
generator 


H = series short-circuiting switch 
J = motor starting panel 
K. = auxiliary contacts which can be 
arranged for normally on, or 
normally off", indicating from 
lamp “D” 


The motor-generator set is started up just before the public 
are admitted to the building and is shut down at the end of the 
performance. It has, however, the disadvantage that it comes 
within the running-machinery category, which may cause noise 
and vibration, while the commutator brushgear and bearings 
require attention from time to time. 

(1.5.2) Valve-Rectifier Equipments. 

The development of the hot-cathode full-wave valve rectifier 
and the improvements over the last few years have provided an 
alternative to file motor-generator set, and this type of rectifier 
is now very largely used for small and medium-sized cinema 
floating-battery schemes. It is cheaper, does not occupy as 
much floor space, and has the advantages that it is static and 
reliable and that the life <5f the bulbs is satisfactory. A typical 
diagram of a valve-rectifier floating-battery scheme is shown in 

Fig. 2. : : 

The method of operation is similar to that of the motor- 
generator set as the lighting load is.supplied from the d.c. output 
of the rectifier, the voltage" being adjusted to giye a slight charge 
to the battery. Upon failure of the a.c. supply, file battery sup¬ 
pliesfi»e load, and as the valve itsejf has a fion-reverse character- 
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TO SINGLE - 
PHASE SUPPLY 


-Diagram of connections of valve-rectifier—floating-battery scheme. 


A = storage battery 
B = safety or secondary lights 
Cl, C2 = relays 

D =» delay switch to allow filament to 
heat up 

E = full-wave hot-cathode valve 
F = regulating switch 


A.C.MAMS 


H — adjustable resistor control 
J *= transformer 
K1 = lights on 
K2 = charging 

Rl, G1 m red and green signal lamps on 
panel 

R2, G2 = corresponding remote lamps 





fig* 3.--^impIified diagram of constaiit-yoltage—floatiog-battery'' scheme (British 

Patent No. 377671). - - 

■j A m main transformer P =?= control chokes 

B« filament transformer E storage battery 

C«full-wave valve ' ' F * cinema safety lights 


istic no reverse-current circuit-breaker or other device is required 
to prevent the flow of current from the battery to the rectifier. 

Upon resumption of the a,c. supply, rectification automatically 
recommences and normal conditions are resumed, The rectifier 
equipment therefore has an advantage over the motor-generator 
set in this respect,- As, howeyer, the simplerectifies has hot the 


same compounding feature, it }s necessary to vary 
the setting to suit any alteration of the load. An 
alternative is the mercury-arcjrectifler, a nunlber of 
which have been installed, particularly for larger 
cinemas and where the battery is of the same voltage 
as the mains. 

(1.5.3) Metal-Rectifier Equipments. 

The copper-oxide or selenium rectifier can also 
* be used as a further alternative to the motor- 
generator, and a considerably longer life is said to 
be obtained from the metal type of rectifier than it is 
possible to obtain from the valve type. In addition, 
no heating device is required. Otherwise, the control 
and layout are very similar to those of the valve type. 

(1.5.4) Constant-Voltage Floating Equipments. 

To overcome the disadvantage of having to alter . 
^ the setting of the rectifier output to suit changes in * 
the external load, and to. ensure that any fluctua¬ 
tion of mains voltage and/or any changes in the 
external load do not alter the desirable running 
y conditions, various automatic regulating systems 

A have been devised. One scheme achieves the de- 

I sired result by the use of compensating chokes of 

|||||[| M. special design. A typical example of this is illus- 

trated schematically in Fig. 3. There are two 
control chokes, the a.c. windings (2) and (3) of 
which are connected in series with each other and 
I in series with the anode transformer primary 
winding (1). Any variation in the impedance 
of windings (2) and (3) causes a similar variation 
in the voltage applied to the transformer secondary 
(6), and, in turn, to the valve anodes (7) and (8) 
to which the secondary is connected. Each choke is 
fitted with d.c. windings (4) and (5) which are connec¬ 
ted in series with each other and with the load circuit, 
y scheme. When the current is small the iron cores of the 

onh-oi chokes are only partially saturated. Consequently, 

the impedance of the a.c, windings is high and 
Tnai lamps on the voltage applied to the primary winding is low, 
te lamps When the load current is increased, the choke cores 

are saturated „ to a higher degree and the impedance 
of coils (2) and (3) is reduced, resulting in a higher 
voltage across the transformer primary and across 
the valve anodes. By suitably arranging the num¬ 
bers of turns of the a.c. and d.c. choke windings 
and the section of laminated-iron core, it is possible v 
to obtain practically constant rectifier output voltage 
, . with varying output current. 

? 9 9 9 Although the double-wound chokes do not directly 
regulate the output voltage to compensate for 
primary-voltage variations, the desired effect can be 
achieved by adopting a floating voltage of about 
2-15 volts per cell at normal primary voltage, 
erne (British Primary-voltage variations of the order of ±5% 
have then practically no effect on the current in the 
battery circuit, owing to the fact that a fully-charged 
battery has a certain range of voltage in'"which 
almost no charge or discharge can take place. 

With this rectifier it is unnecessary to provide a time-delay 
switch. It is desirable, but not essential, to allow a pause S 
between closing the a.c. switch and closing the load switch, tp take 
account of the momentary rush of current, but this is less thanT j 
with manually-operated rectifiers. 

During ordinary recharging after a discharge the automatic. $ 
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action of the rectifier is cut out, and it is necessary to regulate 
by the controls provided. 

• • 

(1.6) Automatic Switching Equipments 

The daily-charge-and-discharge battery and the floating- 
battery schemes were, until quite recently, the only ones accept¬ 
able to the Home Office and local authorities for the secondary 
lighting of cinemas. 

Qp the 2nd September, 1942, the Home Office sent a circular 
letter to the various Clerks to the licensing authorities under the 
Cinematograph Act, 1909, stating that the Secretary of State 
would not wish to raise any objection, subject to certain condi¬ 
tions, to the use of automatic change-over switches in connection 
with the safety lighting of cinemas during the period of the 
present war. 

The pertinent conditions are, in brief, that the switch shall 
conform to the appropriate British Standard, that its rated capa¬ 
city shall be not less than 50% in excess of the maximum safety 
lighting load, and that a daily recorded test of the switch shall 
be made before the public is admitted to the premises. 

Although, therefore, emergency lighting systems with auto¬ 
matic switching devices can now be used in cinemas, neither they 
nor the other permissible devices will be described in this Section 
of the paper as they are dealt with in the later Sections. The 
equipment described and illustrated, by Figs. 5(a) and 5(b) is 
suitable for a typical cinema. 

(2) HOSPITALS AND NURSING HOMES 

* • (2.1) Hospitals 

The particular type of emergency lighting used in a hospital 
depends ©n the layout of the buildings and on the amount of 
lighting required; also on whether the hospital generates its own 
power and lighting or takes a supply from the local authority. It 
may be provided in four different ways:— ^ 

(a) Complete lighting and power services by an alternative 

supply or an alternative main from the same substation and/or 
alternative mains from separate substations, or by engine- 
altemator sets. 'v 

(b) Partial lighting and power supply by an engine-generator 
with a battery. v 

(c) Partial lighting by battery only. 

(d) Partial or local lighting by portable hand-lamps with wet 

or dry batteries. . ^ . 

In general it has not been considered essential to install equip¬ 
ment to allow for a complete change-over of all the lighting in 
the hospital, and when a change-over scheme is arranged it is 
* usually confined to the lighting of the operating-theatre block. 

(2.1.1) Pil<ft Lights and Operating Theatres. 

In some cases pilot lights have been provided in the wards 
and corridors in addition to complete emergency lighting in the 
operating-theatre section of the building. A combination of an 


a.c. supply is resumed the battery is recharged, usually by means 
of a separate rectifier especially provided for this purpose, and 
left on trickle charge until the next emergency discharge. A 
suitable equipment for dealing with a requirement such as this is 
illustrated by Fig. 4. 
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Fig. 4.—Typical automatic switching circuit, incorporating engine- 
driven alternator. 


A = alternator (engine-driven) 
A.L. == alarm 

A.V.R. = automatic voltage regu¬ 
lator, etc. 

B = battery 

C == change-over contactor 
E — exciter 


G.L. = general lighting 
Q.C.R. = quick-charge resistor 
R = rectifier 

S.R. — switch-relay circuit for 
operating theatres 
T.C.R. = trickle-charge resistor 


(2.1.2) Total Lighting of Operating Theatres. 

When the change-over from the main to the emergency supply 
for the operating-theatre block is all that has to be dealt with, 
the more usual equipment [see Figs. 5a and 5b] is a battery 
that can be put on load automatically in the event of a failure 
of the main supply. When the load is automatically transferred 
from the mains, with a barely perceptible flick, to the battery, 
the surgeons and their helpers are not aware that any interruption 
has occurred.. . 


A.C.MA1NS. 


constitutes the almost ideal equipment for these conditions. 
The battery is normally of mains voltage and of such a capacity 
that it can automatically carry the whole of the emergency 
lighting load for, say, 1 hour. It will, however, rarely be called 
r upon to discharge for this period, as the basis of the scheme is that 
the engine set shall be started up as soon as the breakdown 
occurs. This leaves a reasonable standby supply in the event of 
there being any difficulty in starting up the engine set, although 
; nomatty a periodical test should ensure that this is in proper 
* order. ♦ The sfltemating current thereby generated takes the place 
of the normal supply, and the action of die automatic contactor 
cuts off the battery from further discharge. When the inain 



Fig. 5 a.^—‘ ‘Maintained” type automatic switching circuit, employing 
mains-voltage battery. 


A* 
B s 
C 
D • 
E: 
F< 
G 
H 


* contactor switch . • 

s trickle-charge rectifier switch 
' Change-over contactor : 


J = voltmeter switch 
K =» battery 
L = secondary lights 
M *= quick-charge valve rectifier 

; milliammeter N - quick-charge resistor . . 

»lamps for trickle charge O = trickle-charge^metal rectifier _ 

: quick-charge rectifier switch P *= trickier . arid quick-charge 

* voltmeter . switch 

Q = secondary lighting switch * . 
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Fig. 5b,— “Maintained” type automatic switching circuit, employing 
low-voltage battery. 


A = rectifier input switch 
B — rectifier input fuses 
C = change-over contactor 
D — ammeter 
E — milliammeter 
F = lamps for trickle charge 
G = quick-charge switch 
H — voltmeter 


J = voltmeter switch 
K — battery 
L = secondary lights 
M = rectifier 
N = quick-charge resistor 
O = lighting transformer switch 
and fuses 

P — lighting transformer 


(2.1.3) Period of Discharge of Battery. 

Whilst it is not easy to make any definite ruling to cover every 
case, it is generally considered that the battery should be of such 
capacity as will enable it to supply the emergency lighting for 
such a length of time as would be required at least for perform¬ 
ing the operation or for tidying up after the most serious 
operation, should the supply fail just after this has commenced. 

It is now generally considered that 3 hours represents such a 
period, and this seems to meet most requirements. 


(2.1.4) Partial Emergency Lighting in Operating Theatres. 

There are as yet no regulations governing the installation of 
emergency lighting in hospitals, and most hospitals are fitted with 
an equipment which allows only partial lighting of the operating 
theatre or theatres. 

There are, no doubt, reasons for limiting the use of the 
emergency lighting plant in this respect, but the author feels that 
the cost of providing a more adequate equipment should not be, 
as he thinks it is in most cases, the deciding factor. Fig. 6 



illustrates the partial emergency lighting of a typical modern 
operating-theatre block, the normal lights being indicated by the 
larger circles and the emergency lights by the smaller $nes 
the operating-theatre lamp being of the shadowless single-bulb 
type. There is just sufficient emergency lighting in essential 
positions to enable the operation to be continued or completed 
by this in the event of failure of the normal supply. Fig. 7 is 
a diagram of a suitable emergency-lighting equipment. 
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Fig. 7. Diagram showing use of two combined switch-relays in two 
operating theatres, in conjunction with one central automatic 
switching equipment (“non-maintained” type). 


A = main switch 
B = main fuses 
C = change-over contactor 
D = ammeter 
E = milliammeter 
F = lamps for trickle charge 
G - quick-charge switch 
H = voltmeter 
J = voltmeter switch 
K = battery 

L = general emergency lights 
D.P.S. 


M ==> rectifier 

N «= quick-charge resistor r ' 
O — rectifier output fuse 
P =» battery fuses 
Q = circuit for switch relays 
R — voltmeter fuses r 
S — contactor coil rectifier 
M.L. main lamp 
E.L. » emergency Etmps 
M.S. =* mercury switch 
R.C, — relay coil * 

: double-pole switch 


With this arrangement the emergency lights are normally not 
illuminated but are connected to the battery, usually of 25 or 
50 volts, by means of the contactor (c) when the supply to the 
controlling coils fails, and they remain so connected until the 
normal supply to these is resumed. The battery, which is 
normally maintained in a fully charged condition by means of a 
continuous trickle charge from the rectifier (M), is then given a 
charge from the same rectifier by means of switch (G), after 
which it remains on trickle charge until after the next emergency 
discharge, and only then,'provided the requisiteItrickle charge '" 
has been maintained, does it require a further charge. 

Sometimes double-pole switches are used, one pole of which 
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connects part of the primary circuit and the other pole part of 
the secondary circuit, to prevent the battery from discharging 
unnecessarily if a supply failure occurs when the theatre is not 


(2.1.5) Operating-Theatre Lamps. 

The operating-theatre lamp or lamps may be of the cluster or 
single-bulb shadowless type. The efficiency of the cluster fitting 
is not seriously diminished by the failure of one or even more 
of the^ndividual lights, as distinct from the type of sh&dowless 
fitting which usually relies on a single bulb to provide the illu¬ 
mination. When the cluster fitting is used the emergency light 
or lights are usually suspended over or adjacent to it, and no 
special arrangement of switching the lights is necessary as 
they are connected to the main contactor. With the single-bulb 





It is essential that this lamp be provided and fitted, _ 
otherwise there is danger of the battery being 
totally discharged when required in emergency 


Fig. 8.—Connections for special switch relay. 


type of fitting, the emergency lights are usually incorporated in 
the fitting itself; this is achieved by using a twin-filament bulb 
or providing three emergency lights within the reflector of the 
fitting. 

(2,1,6) Combined Switch-Relay. 

In all hospital operating theatres utilizing these shadowless 
fittings, # some method has to be provided to bring the emergency 
lights into action upon failure of the main filament, and this is 
usually done by employing a combined switch and relay. This 
is so called because it contains a switch which takes the place 
of that which would otherwise control the main lamp, and a 
sfhall mercury switch of relay size which switches the emergency 
lights into circuit when the current through the series-connected 
coil fails. The switch-relay is usually of the sunk pattern, with 


a plated cover, and is fitted into the wall of the operating theatre 
(see Figs. 6 and 7). 

On closing the double-pole switch, the circuit from the battery 
to the emergency lights remains closed until the coil is suffi¬ 
ciently energized by the current to tip the mercury tube and so 
open the emergency circuit. The result is that the emergency 
lights become illuminated momentarily each time the switch is 
closed, and so give a visual indication that the automatic switch 
is functioning correctly and that the circuit to the battery is alive. 

(2.1.7) Twin-Filament Lamp. 

With regard to the twin-filament type of main lamp, so far it 
has been possible to obtain only a 3-terminal arrangement, and 
although this type of lamp has certain advantages, since the 
emergency filament is in approximately the same position as the 
main one, it has obvious disadvantages 
as compared with the type of lamp in 
which the main filament is entirely 
separate from the emergency one, or where 
separate emergency lights are used. 

Fig. 8 illustrates the connections for the 
switch-relay used to control this type of 
fitting. The object of the 1:1 transformer 
is to insulate the system from the mains 
and allow one pole of the battery to be 
earthed for safety. 

Either type of switch relay would 
function also on failure of the sub-fuses, 
the main fuses or the supply. 

(2.1.8) Operating-Theatre Portable Lamp. 

Where it is not considered desirable or 
economical to install permanent secondary 
lighting—and this applies more particularly 
to temporary operating theatres—an en¬ 
tirely separate emergency light is used and , 
is brought into action upon failure of either 
the main filament or the supply. This is 
frequently in the form of a trolley which 
carries the emergency operating lamp and 
its battery, which can be either of the steel- 
alkaline or the lead-acid portable type. 

Special arrangements have to be made 
to ensure that the battery is always kept 
sufficiently charged to perform its function, 
and also that it is given a recharge after any 
/ R Th D f IL ° T ^ MP u emergency discharge. The former is 
emergen^ filament is onj achieved, depending on the type of battery 

used, by regular freshening charges or by 
having two interchangeable batteries, and 
the latter by means of a charger also 
mounted on the trolley, or the battery is taken away to some 
central charging room where it can receive its recharge. 

For these reasons this method is not quite so certain in action 
or so effective as the permanent installation. 

Fig. 9 illustrates an example of this portable lamp which 
serves a dual purpose, as it is provided with a centre light 
operated from the mains, and two lights, switched to the battery 
in an emergency, round the reflector. 

(2.1.9) Hand-Lamps and Torches. 

Hand-lamps and/or torches fitted with either dry or wet 
batteries of the lead-acid or steelralkaline type are frequently 
used to supplement the types of equipment already mentioned, 
and are sometimes the sole source of emergency lighting. These* 
should be kept in well-defined and convenient locations and 
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therefore readily accessible to those members of the staff who 

of portable battery is used, it is most important 
&at some regular routine systems of (a) inspection of dry 
batteries, and ® charging of wet batteries, should be institute? 

k“ ps > not bemg “ regular use, will usually prow 
ineffective when the emergency arises* 




(2.2) Nursing Homes 


' " miTtlZZ Nursing Homes Registration Act, 

foraU P rem ises being used, or which 
were intended to be used, as nursing homes to be registered as 

authority t °M e t S, ? bj ^ t to “specto by the appropriate local 
uffionty. .Most local authorities have a schedule of reauire- 
ments which has to be met before the premises xon«med«m 
Registered and the home opened. One of theTeqSme^ 
an operating theatre and/or labour ward are to be included' 
«as is usually the case, is the provision and insteUato of t 
. approved emergency-Hehtinfi: eamnmmt ■ 1 • 



- V'R' , ' 


The various types of equipment described in Section 21 » 
suitable for the larger nursing homes, but'generally thev,^ 
not be of an elaborate nature, as the operating theatre andteW 
ward in a nursing home are very often "small compared^* 
those in hospitals, and the number of emergency lights remS - 
is correspondingly less. 

In the operating theatre, therefore, they are usually limited <» ' 
the number necessary to provide light over the operating taM* 
and where the single-bulb, shadowless type of lamp is used »' 
12-or 2fvolt battery of sufficient capacity to illuminate" the 3 
hghts round the reflector for a period of 3 hours with the neces 
sary^o-rate charger and switch-relay is a generally approved S 

In order to provide means for a more comprehensive test of 
ffie emergency lights than that provided by the switching-on of 
the mam lamp as already described, and to avoid having tern 
porarily to withdraw local fuses or cut off the main a.c. suddIv 
some authorities require a normally-closed push-button test 
switch to be included in the a.c. circuit to the main lamp. if a " 
cluster fitting is used as the operating-theatre light, then the 
switch-relay is usually omitted and a single-pole contactor con¬ 
nects the emergency lights to the battery upon failure of the 
suppiy. If the labour room or rooms as well as a shadowless 
rating in the operating theatre have to be dealt with then the® 

equipment shown in Fig. 7 is suitable. ’ 

The portable type of lamp with main and emergency lights and 
other supplementary means of emergency lighting described in S 

Section 2.1 are also frequently used. 

j authorities also make the inspection agreement scheme 
described earlier in the paper one of the conditions to be observed 
o achieve registration—a feature particularly recommended for 
this class of installation. • 

(3) PUBLIC BUILDINGS, ETC. f§ 

As yet there are no regulations governing and compe lling the I 

T i mergency L ’shting equipment in town halls, large 
blocks of offices, restaurants and similar places, except in so far 
as may be necessary to cover that part of the building for which 
it is desired to obtain or retain a music and dancing licence. : ; 

in such places equipment such as has been described in $ 
Section 1 would be suitable. In addition, certain local authori- ; 

r M r e / PPr u 0V , ed *? use ofthe automatic switching systems % 
already described in Section 2.1 (one authority requires dupli- 
cate switches illustrated in Fig. 10). Such systems enable the « 
be continuously, and this feature is if 

p ,v Cu ^ y useful in the type of building covered by this Section 
parts of ^ Premises are rarely used^regularly 
toughout the year, and thus differ from nearly all cinemas and§| 

(3.1) Town Halls with Cinema or Concert Hall | 

Apart, however, from anything required to meet music and R 
regulations, in many modem buildings it has been con- | 

t0 provide some f °rm of emergency-lighting I 
equipment which, coming into action in the event of a failure $ 
offfie usual source of light, enables work to be carried on forii 
Pfrtouiarly, allows the occupants to regain the I 
street with the minimum of inconvenience. Where both require- d 
be met, either two separate equipments, each Jj 
j , lts part °f the building, or one equipment to ' : M 

Ae wbo \building, can be used. Each scheme has * 
hA d “v 8eS ). former the specification for the paqel and * * 
ffie capacity of the battery for the music and dancing section of'!f~ 
JJT" 1 * f- n be such as to conform to ffieftocal regulations,;^ 
1 th ® W«fcr ffie emergency lighting of the remaining I 
portion of ffie buildmg can then be that which best fulfils ffie jj 
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V f Fig. 10.—Duplicate contactors. 

conditions to be dealt with, each equipment being located in the 
most suitable position. 

If, however, one equipment is to be employed to deal with 
the whole building, then this, since it has to comply with the 
local regulations, may not necessarily be the most suitable one, 
and some difficulty may arise on die question of the battery 
capacity, as it is necessary to limit any discharge which may be 
required to deal with the emergency lights in that part of the 
building not licensed, to ensure that sufficient capacity remains 
to cover the lights in the music and dancing section. 

Fig. 11 represents a typical diagram where one equipment and 
one battery are used, while two automatic switching systems or a 
floating, scheme and one automatic switching system are used 
for the two-equipment arrangement. Most authorities insist on 
the two-equipment arrangement, but some allow the one- 
equipment Sbheme with the necessary safeguards. 

* (3.2) Offices and Flats 

In tlie larger types of building (blocks of offices or flats) the 
emergency lighting can be brought into operation by hand or by 
automatic means, and can be supplied by a maintained or a non- 
maintained type of circuit. “Maintained” is the conventional 
description of the type of circuit used when it is desired that the 
emergency fights shall form part of the normal lighting and be 
switched on or off with the remainder of the lights. The “non- 
maintained” type is used when the emergency lights are required 
to be illuminated only upon failure of the normal supply and are 
therefore additional to the ordinary lighting. 

Both types of equipment require circuits for the emergency 
fights entirely separate from those supplying the normal lighting, 
and these circuits are connected to the secondary lighting fuse- 
bboards which, in turn, are connected to the secondary lighting 


control panel. Where the emergency lighting is 
of the “maintained” type and is spread over a 
number of floors, each of which is wired on a 
separate phase of a 3-phase supply, it is usual 
to employ a scheme which allows for the emer¬ 
gency lights on any particular floor to be supplied 
from the phase which supplies the normal lighting 
of that floor. Fig. 12 shows diagrammatically 
an interesting example. The maintained secon¬ 
dary or emergency lighting is distributed to the 
various floors through two 3-phase 4-wire risers 
which are, of course, separate from the risers 
supplying the general lighting. These emergency 
risers normally carry a 3-phase supply, via their 
change-over contactors, to the secondary lights 
which, under these conditions, merely form part 
of the general lighting. Should the a.c. supply 
through either contactor fail, however, the con¬ 
tactor changes over and the 3 phase wires are 
paralleled together and connected to the battery 
positive, whilst the neutral wire becomes the 
negative. Obviously, under these conditions, 
the neutral wire and its corresponding contact on 
the contactor have to carry the sum of the cur¬ 
rents in the phase wires and must be of three 
times the cross-section (this is indicated by 
thickening in the diagram). In addition they 
must be carried right through to the fuse-boards 
where the splitting into 2-wire circuits occurs. 

The contactors are so constructed that all the . 
phase arms operate as one unit, and as the lighting 
circuits connected to each are entirely separate 
no short-circuiting of the phase-wire should occur 
if the contactor fails to operate correctly. 

In an office building or block of flats, where the corridors and 
staircases only are to be wired for emergency lighting, the main¬ 
tained type of equipment, indicated in Figs. 5(a) and 5(b ), is suit¬ 
able. The circuit is normally supplied from one phase or, if 
that fails, from the battery, and there is no need to allow for the 
separate failure of the other two phases. In other cases where 
3-phase protection is required, two potential relays are included, 
the coils of these being energized by separate phases from that 
energizing the contactor coil, and the supply to this being in 
series with the two relay contacts. If, therefore, a phase and/or 
fuse failure (depending on the point to which the particular 
relay is connected) occurs, the supply to the contactor coil is 
broken and the battery brought into action. 

The arrangement has the possible disadvantage that all the 
emergency lighting is brought into operation, whereas it is 
possible to use three separate change-over contactors when only 
the emergency lights in that part of the building affected by the 
failure are supplied by the battery. 

(3.3) Large Stores 

The equipment most suitable for large stores and retail estab¬ 
lishments depends on whether (a) it is desired that business 
should be carried on during the breakdown, in which case the* 
degree of illumination provided under emergency conditions 
must be such as to allow for this, or (b) it is merely desired that 
sufficient lighting should be provided to prevent panic and theft 
and to enable the customers to leave the building. 

(3.4) Complete Emergency Lighting 

To meet the conditions under (a) above, the ideal equipment 
Jfe the combination of the automatically-switched battery and 
enjgihe-geherator set or sets described in Section 2.1. ThdV 
: irnrnft Hiatft Rnpplv from the battery would prevent «ny complete 
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blackout, whilst th^capacity of the engine sets would be sufficient 
to provide ample light to carry on the merchandizing until such 
time %s tlfe ordinary supply was resumed. With this com¬ 
bination it can be arranged that the battery shall deal with all 
the emergency lights, or, by a suitable arrangement of the cir¬ 
cuits, only an essential proportion of them. Even if it is desired 
that the battery shall cater for all the emergency lights, it need 
be only of sufficient capacity to supply these for, at the most, 
half §n hour, while if it has to deal only with a proportion of 
these lights a correspondingly smaller battery can be* used. It 
might here be stated that a 230-volt lead-acid battery of 60 Ah 
capacity will give a discharge of 10 kW for practically half an 
hour—equivalent to a considerable amount of light for emergency 
conditions—and as a battery of this voltage and capacity can 
be accommodated on a 3-tier stand in a room measuring 10 ft x 
5 ft the combined equipment need not be much more expensive or 
require much more space than the simple engine-generator set. 

If, however, it is not considered essential to have complete 
continuity of light, the engine-generator set or sets without the 
battery would probably prove to be the next best method of 
providing the emergency supply, always assuming that it is not 
possible to obtain this from a public supply entirely separate 
from that of the normal lighting. These sets can be of the auto¬ 
matic remote-control type where the circumstances justify it, or 
of the more usual manually-operated type, started up by battery 
or compressed air. 

The fuel used, again, is very largely determined by the relative 
factors of the particular case under consideration, and can be 
eithej diesel oil, petrol or paraffin. 

The storage of the fuel selected, compliance with the local 
* authority’s regulations on this point, the adequate disposal of 
the exhaust, the method of cooling to be adopted, and the 
elimination of vibration, are all problems calling for solution 
when the engine-generator set is employed. As, however, these 
problems are not peculiar to emergency lighting systems, and 
apply generally wherever engine-generator sets are used, they do 
not come within the scope of this paper. 

Where the load justifies it, and where it is desired to limit the 
risk of a complete breakdown of the emergency plant during 
an interruption of the supply, two separate sets can be used 
instead of one. 

(3.5) Partial Emergency Lighting 

The author has not been able to obtain details of any of the 
large stores employing this combination of battery and engine- 
generator set or the engine set alone, solely for emergency lighting 
..purposes. The more usual scheme, of which there are a number 
"of cases, is the automatically-operated battery equipment to pro¬ 
vide for the conditions under (b) (Section 3.3). This supplies 
an emergency lighting circuit or circuits throughout the building, 
the emergency lights being sufficiently numerous and of adequate 
wattage to enable the public to remain in the building in reason¬ 
able comfort until the supply is restored, or to leave the building 
without danger to themselves or to others. It also enables the 
sales staff to keep under continuous observation the goods on 
display. 

In view # of the large number of people (mostly women and 
childi^n) who crowd the floors and particularly the basements 
of the large stores at sale times and Christmas, the author is of 
the opinion that the regulations of the local authorities should 
be extended to cover buildings of this nature and thereby ensure 
that adequate emergency lighting is provided. 

• # (4) FACTORIES 

The problem of the emergency lighting of factories is, as in 
the other types of buildings already dealt with, very largely one 


of making a decision as to the purpose for which the emergency 
lighting is required. 

Before it became necessary to make provision of this nature to 
meet A.R.P. conditions, it was generally considered that it would 
be sufficient to provide enough lighting in a factory to enable 
the work people to remain in the building until the main supply 
was resumed, or to leave it without danger to themselves if it was 
decided that the breakdown was of such a nature that it was 
useless for them to remain. 

Where little or no machinery is employed for the functioning 
of the factory, it is possible to continue work under emergency 
conditions by the provision of an engine-generator set or sets 
and/or a battery, but, as is more frequent, when the power 
goes off the work has to cease, and it is therefore unnecessary 
and uneconomical to provide more than pilot lighting for 
emergency conditions. * 

Any of the equipments described in the earlier parts of the 
paper are therefore suitable for dealing with these conditions, 
and if the battery is of sufficient capacity to provide light for 
3 hours at the most, sufficient reserve should be available to cover 
all requirements. 

Here, again, it might be considered that an adequate system 
of emergency lighting, especially in certain types of factories, is 
essential, and that the Factory Regulations should be amended 
accordingly. 

(5) A.R.P. SERVICES 
(5.1) General 

Before and during the early part of the war, it was thought 
that gas would be one of the major offensive weapons to be ^ 
guarded against, and all rooms and areas selected for use as 
shelters had to be made gas-proof. 

This point is stressed because it had a very definite bearing 
on the type of emergency lighting equipment which could suitably 
be used in these shelters. Any form of lighting which consumed 
oxygen, such as gas, candles and oil lamps, added to the problem 
of ventilation if this were provided, or, if the room were com¬ 
pletely sealed, as some of the smaller shelters were, it limited 
the time of comfortable occupation. Although, therefore, a 
large number of hurricane lamps were purchased for use as 
emergency lights (and in some cases they were intended to 
be the sole means of lighting in public underground shelters, 
as it was not always possible or desirable to connect these 
to the public supply), electric lighting in the form of dry- 
or wet-battery torches, hand-lamps, accumulators of the steel- 
alkaline type and lead-acid type with suitable chargers, and 
engine-generator sets for hand or automatic starting, proved to 
be the most suitable method of providing the service. When 
hurricane lamps are used, arrangements have to be made to 
ensure that they are kept clean, trimmed and supplied with oil. 
If they are retained permanently in a particular shelter, it is 
advisable that they should be placed after use in a cupboard 
which can be locked, the key being in the charge of the shelter 
warden. Equipment had to be obtained and stored until war 
broke out, and it became quite a problem where batteries were 
to be used to decide how they could be stored indefinitely without 
depreciation and with the minimum amount of trouble in main¬ 
tenance, and yet be available for practically immediate use when 
required. " • -V. 

(5.2) Steel-Alkaline Battery Equipment 

These conditions were suitable for the steel-alkaline type of 
battery, and a large number of these were ordered for use with 
hand-lamps. Self-contained, transportable equipments were ob¬ 
tained to provide for those shelters wherelightingof a more perma¬ 
nent nature than could be provided by hand-lamps was required. 

either of the 6- 6r 12-volt type with a 
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capacity of 25-40 Ah, to supply the desired emergency lighting 
for 6 hours. 

It was intended that this unit, with the three emergency lights 
wired to suit the shelter concerned, should be stored away until 
war broke out, when it could be installed in the shelter and con¬ 
nected to the mains by means of the cable attachment provided. 
While in store, the battery would normally require only an annual 
freshening charge to keep it in condition. 

(5.3) Dry-Battery Torches 

In some places dry-battery torches and hand-lamps were 
obtained, but as these deteriorate whether or not they are used 
and have a definite shelf life, their use became somewhat of a 
risk owing to the danger, once war broke out, of renewals being 
unobtainable. 

(5.4) Dry-Charged Lead-Acid Batteries 

At least one of the manufacturers of lead-acid batteries pro¬ 
duced a “dry-charged” type of cell for use with transportable 
units to meet the particular conditions. These cells, being sealed, 
can be stored away, each with its bottle of electrolyte, until 
they are required to be put into service, when the seal is broken 
and the electrolyte poured into the cell. They are then ready 
to give an immediate discharge, if necessary, the capacity avail¬ 
able being inversely proportional to the period of time they 
have been in store. If, however, time is available (and in most 
cases it is), it is desirable to give the cells a short charge to bring 
them to a fully charged condition. They then function as a 
normal lead-acid battery. 

It was considered that the 6- and 12-volt batteries used in the 
popular makes of motor-car, being portable and easily obtainable 
in all parts of the country, would be the most generally suitable 
type of battery for A.R.P. emergency lighting services. 

Batteries of this type were therefore made available in a dry, 
charged state, so that they could be bought and stored, with the 
advantage that if after they were put into service renewals or 
additional batteries were required/these would be obtainable. 

(5.5) British Standards Institution A.R.P. Specifications 

The British Standards Institution issued a series of specifica¬ 
tions at the request of the A.R.P. Department of the Ministry 
of Home Security, dealing with the equipment recommended for 
the lighting of various types of shelter. These are BS/A.R.P.3,6,7 
and 26. They will be found to cover almost every type of shelter, 
and complete equipments were made up by various manufacturers 
to comply with them. A number of these equipments are in use. 
A considerably larger number of the more comprehensive auto¬ 
matic switching equipments already described in the paper 
have been installed for A.R.P. services in the larger factories 
and buildings. In the majority of cases, however, especially 
in public shelters, the emergency lighting equipment consists 
either of hurricane lamps or of a number of 6- or 12-volt 
car-type batteries fitted with wing-nut terminals and a con¬ 
venient charger, and these are operated according to the 
procedure laid down in Part 1 of BS/A.R.P.6. 
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(8) APPENDIX. BATTERIES 

As the efficacy of most of the equipments described in this 
paper depends on the full capacity of the battery being available 
to meet the emergency whenever it arises, and as the cost of re¬ 
newals and maintenance of the battery has an important bearing 
on the type of equipment to be installed, it will be appropriate 
to devote some space to this part of the equipment. 

(8.1) Lead-Acid Batteries, Plante Type 

For some years past it has been an established practice to 
maintain certain types of lead-acid batteries installed for 
emergency purposes in a fully-charged condition by means of a 
continuous trickle charge, the amount of current required being 
that necessary to neutralize or compensate for the losses which 
would occur if the battery were on open-circuit. 

(8.2) Correct Trickle-Charge Rate 

The correct trickle-charge rate, which can be calculated fairly 
closely, is that which maintains the specific gravity of the 
electrolyte at the fully-charged figure without producing gassing. 
If a fall in gravity occurs over a period, the rate should be in¬ 
creased, while if gassing occurs the rate is too high and should 
be reduced. After the alteration in the rate has been made, 
observation should be maintained over the next few weeks to 
ensure that the desired result has been obtained. It is important 
to note that some little time must elapse before the change in 
the trickle rate can show effect. 

It is quite easy to obtain and maintain the correct rate of 
charge, and, provided a suitable type of battery is continuously 
trickle-charged at the correct rate, the full capacity will always 
be available when required; it is neither necessary nor desirable 
to give it cycles of discharge and charge to achieve this result. 
The battery does, of course, require a recharge after an emergency 
discharge, and it is important to establish a routine to ensure 
that the recharge is given reasonably quickly after the emergency 
discharge so as to bring the battery to a fully-charged condition 
to meet any further discharge which may be required. The 
open-ciFcuit trickle-charge, by itself, is not sufficient to recharge^ 
the battery. 

(8.3) Automatic Recharging r 

There is no great difficulty in providing autopiatic means for 
giving the higher rate of charge after any emergency discharge 
of the battery, A suitable potential relay or set of relays can be 
arranged to control the commencement and finish of such an 
automatic charge, and there are examples in service. One 
possible drawback is that the equipment may be looked upon as 
so self-sufficient that the battery may be neglected, with the 
result that the very infrequent but necessary topping-up is over¬ 
looked. 

(8.4) Life of Plates 

It may here be noted that it has not yet been possible to deter¬ 
mine the life which can be obtained from the plates of a battery 
correctly worked under this system, as those batteries installed* 
from 1927 onwards are in excellent condition and, so far as can 
be ascertained, will continue to give first-rate service for many 



• % 


9 




WITH PARTICULAR REFERENCE TO BATTERY EQUIPMENTS 


143 


The type of lead-acid battery which is suitable for trickle 
charging is tjiat fitted with Plante positive plates and box- or 
cage-typ& negative platgs. 

(8.5) Lead-Acid Pasted-PIate Types 

Batteries fitted with plates of the pasted type and with anti- 
. monial lead grids do not appear to be suitable for working under 
these conditions, and as the standard batteries used on motor¬ 
cars and wireless sets are constructed with plates of this nature 
a different procedure has to be adopted when cells of t£is type 
are used for emergency purposes to ensure that they are in a 
suitable condition to give the emergency discharge. The 
procedure recommended for this cell consists in giving freshen¬ 
ing charges at regular intervals, and whilst the rate and 
duration of these charges and the period which would elapse 
between them varies according , to the age, condition and type 
of cell, it can be generally stated that the charges should take 
place at least once a month and be continued until the specific 
gravities have remained constant for 2 hours at a charge rate 
not less than approximately half the normal rate. The recharge 
should be given as soon as possible after any emergency discharge. 

(8.6) Distilled Water 

When a battery is regularly discharged and charged, an appre¬ 
ciable amount of distilled water is required to maintain the 
correct level of the electrolyte, mainly owing to the gassing which 
occurs towards the end of each recharge. With lead-acid bat¬ 
teries worked on the trickle-charge system, little water is neces¬ 
sary as the occasional recharge after an emergency discharge 
need b% continued only until the gassing point is reached, when 
the loss of water is negligible. Some loss of water due to 
• draught and evaporation occurs if open-type cells are used, but 
as the sealed-in type of cell is now very largely superseding the 
open type, and as the majority of emergency lighting equipments 
require a battery of a capacity within the sealed-in range, the loss 
due to this cause is almost negligible. 

(8.7) Steel-Alkaline Batteries 

There are two distinct type of steel-alkaline batteries, namely 
the nickel-iron and the nickel-cadmium, and the latter is 
more generally used for emergency lighting equipments in this 
country than the former. These cells are not usually trickle- 
charged as the open-circuit losses are very small, and it is 
customary to give charges at intervals to ensure that the full 
capacity is available to deal with an emergency discharge. 

The specific gravity of the electrolyte does not alter appreciably 
on charge or discharge, and it is therefore not possible to ascer¬ 
tain the actual state of charge of any steel battery by hydrometer 
ridings.* This can be done by adjusting the current to the 
normal rate for a few minutes, obtaining the voltage reading and 
comparing this with that shown on the standard curve of charge 
and discharge for the battery concerned. Evaporation should be 
made good by the*addition of distilled water, and it is important 
to ensutfb that the level of the electrolyte does not fall below the 
tops of the plates. 

It is advisable to renew the electrolyte at intervals, the fre¬ 
quency of the renewal depending on the service conditions. 

If it is desired to trickle-charge the nickel-cadmium cells, it is 
usual to arrange for a rate of 1mA per ampere-hour capacity of 
the battery. 

The boxes used for alkaline batteries are normally of steel 
with welded seams, forming a strong type of container, but 

batteries of this type can be obtained in glass jars if desired. 

• 

' 0 (8.8) Stands 

Stationary cells of both types are usually arranged on wood 
Stands in a inanner to suit the space available for the accommo¬ 
dation of the battery. When a lead-add battery is employed. 


the sealed-in type of cell in robust glass container is usually 
selected if the capacity required comes within the range. The 
advantage of this type of cell, in addition to its heavy Plante 
positive plates and box negative plates, is that their condition 
can readily be seen through the moulded glass. Another 
feature is the ebonite or moulded-composition lid which pre¬ 
vents the entry of dust and dirt into the electrolyte, and, con¬ 
versely, the “creeping” of the electrolyte*, this minimizes the 
effect of the gassing when the cells are on charge and thereby 
allows the battery to remain dry. 

The cells should be so placed on the stand that at least one 
side of each is readily visible, and at such a height that topping-up 

with distilled water can be easily carried out and the hydrometer 

readings conveniently taken. 

The steel-alkaline batteries are usually housed in wooden 
crates, and the purpose of the stand is merely to allow them to 
be placed at a convenient height for topping-up and cleaning 
and for insulating the cells from the floor of the battery room. 

(8.9) Inter-Row Connections 

The individual-cell connectors are usually provided as part of 
the cell, but the inter-row connectors should preferably be of 
copper rod of suitable diameter to carry the current, particularly 
when open-type cells are used. Vulcanized-rubber cable can, 
however, be used, particularly with the sealed-in type of cell, if 
the insulation is cut well back from the cell terminals. 

(8.10) Battery Room 

The battery room should, if possible, be in such a position 
that the cells can be inspected by daylight, but it is frequently 
impossible to arrange this, and in any event adequate artificial 
lighting should be provided to enable the inspection and main¬ 
tenance of the battery to be effectively carried out. A secondary 
lighting point should always be allowed for in the battery room. 

It is not necessary to take any special precautions with regard 
to the finish of the walls and floor of the battery room for either 
type, as under proper floating or trickle-charge conditions no 
gas is evolved. A certain amount of gas can, however, be given 
off towards the completion of the recharge after any emergency 
discharge or after the regular monthly recharge in the case of 

floating batteries, and ventilation should therefore be provided. 

(8.11) Voltage Characteristics 

The average discharge voltage of a lead-acid battery at the 
3-hour rate being 1 * 89 volts per cell, and the corresponding 
figure for the nickel-cadmium type being 1*135 volts per cell, 
the numbers of cells of the two types used to give any re¬ 
quired voltage are in the above proportion—the conventional 
number for a nominal 100-volt supply is 50 lead-acid cells and 
84-85 nickel-cadmium cells. It is usual to arrange for a half¬ 
normal charge rate to a final voltage of 2*75 volts per cell for 
the lead-acid type, while the nickel-cadmium type is usually 

charged at the normal rate to 1 * 8 volts per cell. 

(8.12) Floating Batteries / 

Batteries operating under floating conditions are not quite so 
easy to main tain as those working under the open-circuit trickle- 
charge scheme, unless the constant-voltage equipment is used. 

Care should be taken that the setting of the rectifier is correct, 
and the specific gravity of the pilot-cell electrolyte in lead-acid 
J batteries, arid the voltage in the steel-alkaline ^ 
read not less than once a week to ensure that the battery is re- 
. ceiving a charge arid is not discharging. Some authorities also 

• make the requirement that these batteries should supply the 

• ‘ emergency lights for the last three hours of the performance not 
ulesa than once anaonth so as to ensure that the required capacity ^ 

is The recharge has to be given^on the morning of 

; the foflovnng day before the public are admitted to *he building. 


1 
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CHASE: EMERGENCY LIGHTING SYSTEMS AND THEIR APPLICATIONS, 


DISCUSSION BEFORE THE INSTALLATIONS SECTION, 11TH NOVEMBER, 1943 


Mr. F. C. Raphael: How does the author manage so easily 
to convince his clients and the authorities that they should 
sanction a standby or emergency equipment, except where it has 
to be provided in order to conform with statutory obligations? 
I find Government Departments, in particular, extremely reluctant 
to grant subsidies or even permits for this purpose. Even in 
hospitals, in 1939,1 was usually requested to confine my activities 
to the operating theatre. 

I should like the author to throw some light on the following 
passage from the code of one of the county councils: “Except in 
the case of Cinematograph Theatres and Premises licensed for 
Stage Play performances, an approved automatic equipment 
designed to throw the safety lighting on to the battery (3-hr 
capacity) in the case of a failure of the primary supply will be 
permitted, provided that the operating mechanism is in dupli¬ 
cate.” Do those last words merely imply a reverse-current 
breaker on each pole, or does the author think something more 
is wanted in the way of duplicate apparatus? 

Particularly for cinemas it is generally agreed that the motor- 
generator is out of date; it is being very efficiently replaced by 
the valve rectifier with choke control. I think that is the author’s 
view. What does he consider to be the best voltage for the safety 
circuit in a cinema? 

In hospitals the low-voltage supply is sufficient for the 
operating theatre, but I have always considered the double¬ 
filament lamp to be bad practice; it does not give full emergency 
protection, for if the lamp breaks or the second filament burns 
out with the first, there is no emergency lighting whatever. 

When first installing the so-called “Keepalite” equipments, I 
took exception to the bulky switch on the wall of an operating 
theatre—I think the size has since been slightly reduced—and I 
insisted on the circuit being altered so that the relay could be 
placed on the battery control-board. At that time the combina¬ 
tion was not sparkless. I do not like the two-way switch shown 
at the top of the portable set in Fig. 9; two coupled sparkless 
switches should replace it. 

I was very interested in the author’s large 3-phase lighting 
installations, but one is apprehensive about installing an auto¬ 
matic switch for switching off and then short-circuiting the three 
phase-wires. The time-lag between these two operations may 
depend on the setting of the switch arms, which might fail at 
any time. Has the author many of these equipments in use? 
In one hospital with which I have had to deal, the installation 
was 3-phase, very large and distributed, and the L.C.C. offered 
to have one of their small mobile 230-volt Diesel sets available 
if difficulties arose. The capacity of this set was but a fraction 
of the full load of the hospital and an appropriate loading had 
to be chosen for it. This meant picking out on the main switch¬ 
board a number of circuits and sub-circuits for the emergency 
load, and installing three simple hand-operated throw-over 
switches for connecting to the temporary supply when necessary, 
with such arrangements as to make the equipment virtually 
foolproof. 

In Section 4, dealing with compulsory emergency lighting under 
the Factories Act, the author’s suggestions seem very drastic. 
In some factories provision has been made voluntarily, but in 
that case the pilot lamps and exit lamps would be connected to 
the batteries serving the A.R.P. shelters. I have known one or 
two instances of that, but we ought not to ask for emergency 
lighting to be compulsory in every shop or in certain shops; it 
should be left to the discretion of the occupier. It was recently 
suggested that separate safety lighting should be installed on 
staircases and in corridors of schools. Hitherto, it has been 


of school halls, but the more frequent use of a cinematograph 
projector in such halls may ultimately make a low-voltage 
battery standby desirable. 

Mr. T. C. Elliott: I strongly endorse the author’s recommenda¬ 
tion of periodical inspections, having come across some very bad 
cases of neglect or ignorance. Nevertheless, this type of equip¬ 
ment does fulfil its purpose quite well, and it is indispensable in 
places of public amusement and hospitals. In a large hospital 
in the West End of London automatic equipment similar to 
Fig. 7 was installed just before the war. Shortly after it was fitted 
the filament in the main 150-watt lamp broke down in the middle 
of a very urgent operation. The three 40-watt emergency lamps 
came into operation instantly and the surgeon was able to com¬ 
plete the operation. At a London cinema, owing to a fault in a 
transformer the whole supply to the cinema was interrupted, but 
the emergency lights, which were on the floating-battery system- 
remained on, and the staircases and gangways and exits were all 
adequately lighted. 

A simple form of equipment was introduced about 1932, in¬ 
tended for places where the lowest possible expenditure with 
battery supply was required. It comprised a 12-volt portable 
battery, which supplied the current to the emergency lamps when 
required. The difficulty was the switching on by hand of the 
emergency lamps; to bridge the interval of temporary helplessness 
when a room is plunged into total darkness, a very small 12-volt 
lamp was fixed as a guide alongside the switch for the emergency 
lights. Battery charging was not difficult; the battery w$s. taken 
away to be charged, or a small rectifier was coupled in the 
circuit and switched on with the main lights. 

Mr. Harold Bright: It may be of interest to mention the results 
obtained in practice with an emergency lighting installation in 
an important hospital in the centre of London where there have 
been nine failures of supply during air raids. The hospital has 
alternative supplies from both the a.c. and d.c. networks, but on 
some occasions both supplies failed. During at least three of 
those failures important operations were being carried on. The : 
emergency lighting was installed before the war to supply the 
operating-theatre suites, and was then extended to all staircases 
and some corridors. The equipment was installed on the top 
floor and on one occasion was severely shaken by blast, all the 
cells being moved and twisted on the stands, but it continued to 
work. 

Since it was considered desirable to give the battery in that 
installation a small amount of regular work to do, the whole ^ 
of the impulse clocks in the hospital are supplied fromrit. Thjs'^;; 
probably results in the battery receiving a little more attention | 
than it would otherwise do, for it gives a warning of failure which ' 
everyone can see. r 

The installation was put in 12 years ago and was one of the S 
first to incorporate a combined method of charging, i.e r a metal 
rectifier is used for the trickle-charge on the score of cheapness, | 
simplicity and high efficiency, but for quick charging a hot* ^ 
cathode valve is used, this being cheaper than a metal rectifier of ? 
the same output. • 

I agree with the author that in operating theatres foe emergency 
lighting should be comparable in intensity and distribution with ^| 
the main lighting, instead of being only a small fraction of it. ; | 
An application of emergency lighting equipment which is not 
mentioned in the paper, but which may be of importance again 
after the war, is for dog-racing tracks, where a failure of lighting | 
might be very serious, and indeed lead to conditions of panic. ^ 
Mr. E. J. MacWilliams: As a user I have found “Keepalite” ’^| 
systems very satisfactory; undoubtedly they reduce to a mini- 
mum the maintenance of any emergency lighting system. A 
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previous speaker mentioned the value of these equipments in 
operating th^tres, and I can confirm his experience. 

The author has refenpd to 2-pole switches which control simul¬ 
taneously the main and emergency lighting. I have introduced 
that system in several instances, and I think .it is a very good 
one, because in an emergency one wants the battery to last as 
long as possible. 

In my own experience, I have found that theatre lighting and 
hospital lighting generally should be made as automatic as 
possible, i.e. not only bringing in the emergency lighting when 
the main supply fails, but also disconnecting it when the supply 
is restored. 

We always speak of low voltages-—12, 24 or 50 V—for these 
emergency supplies. These low voltages may have originated 
for economic reasons, a low-voltage battery costing much less 
than one of double the voltage, but I wonder whether they have 
been brought about by the Zeiss type of double-filament lamp. 

I think that lamp is excellent, but it is a pity that it has such a 
very low-voltage emergency filament. In dovetailing a new 
emergency system into.existing lighting circuits, I have found the 
very low voltage to be a nuisance; it appears that*the extra cost 
of the higher-voltage battery might be worth while. 

Mr. P. S. Cattle: I should like to hear a few words from the 
author as to the maintenance and'simplicity of these equipments. 
The average client regards with awe a number of glass boxes 
With a gassy smell. The author says that ventilation of the cells 
is necessary, but an equally important point is to avoid dry air, 
which has often, caused trouble in basements near the boiler 
room? •It is desirable to maintain a normal temperature of about 
60° F, to avoid sunlight, to use acid-proof paint on floors, and 
* to ensure cleanliness. The keeping of proper records is also 
important. • 

I agree with the author that, where large numbers of people 
can collect in a confined space which is artificially illuminated, 
some source of secondary lighting is called for to indicate stairs* 
doors and other obstructions. 

I should like the author to give us an outline of the probable 
future of batteries, bearing in mind the universal use of alter¬ 
nating current and the ubiquity of the Grid. All sorts of auto¬ 
matic devices are ma^e for a.c. only, so that we may have to get 
a.c. from the battery or find some other means of dealing with 
the situation. There may be. a possible future for batteries in¬ 
stalled in buildings to take care of the peak load and to store 
energy during the night. They might also be used for signal 
systems and* calculating machines. 

In the diagrams in the* paper, wherever automatic switches 
are showh, “a.c.” ig at the top and “d.c.” at the bottom; I 
think that is wrong, because the arc will rise and may short- 
circuit the a.<^ supply. It is in parallel or in series, according to 
the sine wave. If it is in series, I think that with some contactors 
there will be trouble. v 

During the war I have found it very useful to install small 
dry-charged accumulators as standby in banks, substations, etc., 
filling them up as they are wanted. There is another use for 
batteries meriting reference. I have known cases where the 
voltage has risen by 10—15%; here I have installed contactors 
controlling lotteries which cut in and out when* the voltage 
rises and falls by this percentage, the battery being locked into 
circuit until the voltage of the main supply becomes stable 
again for a predetermined period. 

Mr. S. A. Stevens: I propose to confine my remarks to the 
charging of batteries. The author has shown how the develo] 
m$nt has aimed at making the charging system as automatic ■ 

, possible. In a cinema, the fighting load is very constant on< 
Hpie has staled, wh^ 

^ Jbe maintained slightly above the load, even though controfied 
Vol.91. Part n. > 
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by hand as in Fig. 2. There are, however, many other uses of 
Standby plants where the load is not constant, and where a 
floating system with hand tapping would be impossible. 

The system in Fig. 1, using the floating generator" set, gives 
what is wanted, but as it uses a piece of rotating apparatus re¬ 
quiring attention it cannot be left unattended for long periods. 

Fig. 3 at first sight might appear to be the equivalent of static 
apparatus; this is not so, because it does not compensate for 
primary-voltage variations, but, in fact, exaggerates them. 

I think the author has made a rather weak excuse for accepting 
these variations, by suggesting that the battery voltage can vary 
within reasonable limits without appreciably altering the state of 
charge; in any case, this variation in battery voltage must appear 
as a variation in load voltage. The compensating windings, too, / 
of this system are in series with the output from the battery, so 
that on a mains- failure not only is there the normal drop in 
battery voltage due to the change from floating-battery condition 
to discharge condition, but there is also the resistance drop in 
windings 4 and 5. * The magnification of mains-voltage variation 
and this nuisance of additional resistance drop 'were found such 
serious objections to numerous modifications of this circuit, that 
work on developing these schemes was abandoned. 

Moreover, these load-current compensating schemes require 
manual attention should the supply fail and the capacity of the 
’battery be called upon, because without manual adjustment they 
will not recharge the battery when the main supply is restored. 

Just before the war we were developing a completely different 
and truly-constant voltage floating scheme which did not have 
these objections; it permitted the battery to be directly connected 
to the load, gave full compensation for mains-voltage variation, 
and also provided automatic recharge of the battery, even after 
a prolonged mains failure. The war prevented its use for the 
original cinema application, but many other uses have been 
found for it, particularly in communication work. It is a system 
which provides a compounding of the output of the rectifier; on 
the input side there is a split-phase arrangement which on full 
load converts from single-phase to two-phase, while the secondary 
windings of the transformer are so connected as to convert from 
two-phase to three-phase, so that on full load the rectifier 
functions as a full-wave, three-phase, bridge-connected rectifier. 
At lighter loads, the arrangement is so proportioned that the 
phase displacement alters both in angle and in magnitude; at 
no-load, the-rectifier functions as a single-phase bridge. The 
degree of variation from single-phase to three-phase can be con¬ 
trolled by tappings on transformers. This arrangement can "be 
made fully automatic. If the battery voltage has fallen owing to 
discharge of the battery, the output of the rectifier, being level- 
compounded or, slightly drooping-compounded, rises corre¬ 
spondingly to recharge the battery, and if the size of the charging 
plant is correctly chosen, it can safely be left to look after the 
state of the battery under floating conditions, and to recharge 
the battery after a mains failure, without any adjustment whatever. 

Mr. R. V. M. Shinnie: It would be interesting to hear the 
author’s opinion regarding the effects of trickle-charging and 
floating, upon batteries and particularly on the life of the positive 
plates. It seems that both trickle-charging and floating, when 
the charge rate is probably only 10% of the normal, tend to 
promote the formation of spongy lead and in so doing swell the 
paste on the positive plates. I have kiiown distances of celluloid- 


„_J: batteries for standby work, one point must be 

? ifin infad: A certain 50-cell battery with only onej>ositive 
3 one negative plate per cell developed a fracture between the 
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electrolyte. This caused a violent explosion of the cell due to systems with particular reference to battery equipments, but 
the hydrogen gas normally present; this danger must be guarded that the whole story? To-day it is a case of buildings far below 
against where batteries of high voltage and small ampere-hour and far above ground with fans, pumps, and transport* These 
capacity, especially portable, are subjected to vibration. I have require alternating current—not direct current—in rather lars 
not experienced this trouble in car batteries, but these have a quantities. Almost all the supply comes from the Central 
number of plates to maintain the circuit. Electricity Board, and it would be interesting to know what 

Mr. T. S. Pick: The paper deals with emergency lighting can act as an alternative supply. - 

THE AUTHOR’S REPLY TO THE DISCUSSION 


Mr. S. H. Chase (in reply): I agree with Mr. Raphael that 
for a long time the advantages of emergency-lighting equipment 
were not fully appreciated. But considerable progress has been 
made during recent years, and an adequate and efficient system 
is now usually included in the specifications of new buildings 
of the types covered by the paper. I believe the duplicate 
operating mechanism he mentions refers to the duplicate con¬ 
tactor arrangement shown in Fig. 10, which may now be 
obsolescent in view of B.S. 764. 

A mains-voltage safety circuit is probably the best for cinemas. 

I agree on the electrical unsuitability of existing types of three-* 
terminal, low-voltage, twin-filament lamp. Four terminals would 
be better. Optically, twin filaments may offer advantages. 

The modern type of switch relay is usually of the sunk pattern 
and can be made flash-proof, as could also the two-way switch 
in Fig. 9. 

In the three-phase contactors, the contact arms on each side 
form, one mechanical unit.so that all on one side either break 
or make at the same time. Normally, the alternating current 
has failed before the switch operates, and in any event the 
parallelling of the three-phase wires on the d.c. side occurs only 
after the live a.c.supply has been properly disconnected. Num¬ 
bers of these switches are installed, and to the best of my know¬ 
ledge they have given no trouble. 

I can fully endorse Mr. Bright’s remarks as to the effect of 
blast on batteries^ and know of a number of cases where the 
buildings housing them have been badly damaged and the 
batteries in glass containers have remained intact and continued 
to function. 

It is inadvisable to connect any load to a standby battery 
except the emergency one. 

In reply to Mr. Mac Williams, the low voltages for emergency 
supplies were chosen mainly for economic reasons-. 


In reply to Mr. Cattle, a short experience of modem trickle- 
charging quickly dispels the old idea that a battery is a trouble 
since the routine charge and discharge (and consequent early 
renewals), regular topping up and frequent recording of gravities 
are all eliminated. Section 8 indicates the simple procedure i 
to be adopted to maintain the battery in first-class condition 
and occasional testing of the contactor is all that is necessary 
to ensure its correct working. • I j 

Both Mr. Cattle and Mr. Pick refer to the provision of an 
a.c. supply. Where it is required for emergency power services V 
and some types of lighting, an immediate supply is available 
from a battery utilizing running machinery. Future develop- ' 
ments may enable this to be done statically. It is rare that 
other than skeleton services of this type are required during an ■ § 
emergency. New and better types of batteries will be produced. 

Experiments with all types of automatic switches have shown 
that the design of those illustrated, particularly for moderate. 
currents and voltages, provides the simplest and most effective 
method of ensuring that the switch will fall into the safety 1 
position in the event of a failure. J 

Change-over contactors above a certain capacity now have the * 
d.c. break at the top, in accordance with B.S. 764. 1 * 

I am aware of the constant-voltage floating scheme referred fl 
to by Mr. Stevens, but lack of space limited reference to only one si 
such system. I believe I selected the one most used in cinemas, 
which, though not'having perfect compensation for a.c. voltage $ 
variations, has yet proved to be a considerable improvement on 
a simple rectifier. * '§ 

Section 8 answers most of Mr. Shinnie’s 'remarks. A trickle 
charge of 10% of the normal charging rate is far too much and 
will cause trouble. To maintain a standby battery in a fully- 
charged and healthy condition, the correct rate is us uall y less If 
than - 1% of the normal charging rate. .Iff 
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SUMMARY 

The paper is inlthree Sections. 

Section 1 describes a new method of reducing current-transformer 
errors, using a compensator which may be either an integral part of 
the current transformer or a separate unit for use with an “existing 
transformer. The compensator employs normal design principles 
and does not depend on highly critical conditions such as saturated 
cores. 

* Very high accuracies are obtained, and standard transformers may¬ 
be constructed having almost unmeasurably small errors over the whole 
current range, using the most sensitive testing equipment. 

In Section 2 a method of testing voltage transformers is described 
in^which the Arnold current-transformer equipment may be adapted 
for this purpose. The set measures the difference in error between a 
standard and the test transformer. 

Section 3 deals with the 'estimation of the errors of three- 
phase star-to-star voltage transformers at their working burdens, 
from the results of tests at unity-power-factor burdens. Two 
methods are given: the first uses the six phase-neutral test results 
usually provided by manufacturers; the second, in-which no three- 
phase* calculations are involved, uses the results of 12 special tests if 
three phases are to be loaded or of 6 tests if only two 8 phases are to be 
* loaded. 1 


(1) INTRODUCTION 

The primary winding of a current transformer is connected in 
series with the line carrying the current to be measured, and, 
since the impedance of the transformer is in general very small 
compared with that of the rest of the system, it may be said that 
for all practical purposes the line current is unaffected by changes 
in the transformer. 

The secondary winding is connected to a fixed impedance 
comprising one or more instrument current coils, and a current 
flows in this circuit such that the primary and secondary ampere- 
turns are.sensibly equal in magnitude and opposite in phase 
position. An ideal current transformer may be defined as one 
in which the primary and secondary currents maintain their 
exact nofhinal ratio and are in precise phase opposition for all 
operating conditions. Neglecting for the moment minor factors 
. such as change of temperature, etc., the main changes to be ex¬ 
pected are changes in supply frequency, burden impedance and 
line current. 


to those of the primary, thus causing the transformer to have 
ratio and phase-angle errors. 

Since the impedance of the secondary circuit is constant the 
e.m.f. in this circuit, and consequently the flux density in the core, 
is sensibly proportional to the primary current. Owing to the 
non-linearity of the magnetizing and iron-loss curves of core iron, 
however, the errors of current transformers vary considerably 
when the primary current is changed. It is this fact which pre¬ 
sents the greatest difficulty in calibrating supply meters with, 
current transformers. " 

When considering the problem of producing current trans¬ 
formers without errors the obvious procedure is-to try to make 
up the magnetizing losses either by feeding corrective ampere- 
turns to the transformer by means of a third winding, or cor¬ 
rective current direct to the secondary circuit. 

This is, however, a most difficult task, since the amount of 
correction required at different primary currents varies not only 
in magnitude but also in phase position according to complex 
laws. In spite of this, a number of methods of compensation 
employing these principles have been put forward, the most 
notable example being that due to Wellings and Mayo, 4 but owing 
to the extreme difficulties involved the measure of success attained 
has been limited. 

The author has investigated the problem from another angle, 
namely that of injecting into the secondary circuit the e.m.f. 
required to force the current through the impedance of that cir¬ 
cuit. When this is done properly no e.m.f. needs to be induced 
in the transformer secondary; consequently the core flux is zero 
and the transformer operates without either ratio or phase-angle 
error. Moreover, the required e.m.f. is directly proportional to 
the primary current and maintains the same phase position, 
offering a very simple problem when compared with the provision 
of magnetizing ampere-turns. 

(1.1) Operation of Compensator 

In the present method the compensating e.m.f. is- obtained 
from an auxiliary current tfansformer operated by the same 
primary current as the main current transformer. 

The principle of operation may be understood by; a reasoned 
consideration of Fig. 1, representing diagrammatically the ar- 
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nominal 100 turns, while windings B and C on the compensator 
have 50 tunis each. The transformer burden R b is 0*2 ohm, 
corresponding to 5 VA at 5 amp, and R c may be termed the 
• compensating burden. For convenience R b and R c are taken as 
non-inductive and the whole apparatus is assumed to operate 
ideally so that resistances of windings, core losses and mag¬ 
netizing ampere-turns are considered to be zero. Relative 
directions of currents are shown by arrows. 

First consider the conditions obtained when the primary 
current is 500 amp and R c is zero. The current in the main 
secondary circuit, i.e. in windings A and B and in the burden 
R b will be 5 amp, this value being decided solely by the number 
of turns on, winding A. It will be appreciated that winding 
B does not constitute an impedance in the path of the second¬ 
ary current owing to the presence of the closed winding C 
on the same core.. The ampere-turn balance on the compensator 
core is maintained by a current of 5 amp flowing in winding C, 
and it is clear that this current and the main secondary current 
are m phase with each other and in phase opposition to the 
primary current. 

Sinpe R c is assumed to be zero no e.m.f. is needed to cause 
current to flow.in winding C; consequently the flux in the com¬ 
pensator core is zero and no e.m.f. is induced in winding B. A 
total e.m.f. of 1 volt, in phase with the current, must be induced in 
windings A and B in order to overcome the burden resistance of 
Q-2°hm : In the present case the whole of this e.m.f. must be 

induced m A and a corresponding magnetic flux is set up in the 

mam core which in a practical transformer would cause normal 
ratio and phase-angle errors. Under this condition the com- 
- ■ Plater has no effect on the performance. ' 

Next consider the effect of steadily increasing R c . An e.m.f. 
proportional to R c and in phase with the current must now be 
. „ wmdmg C , and to ^cornpm as a aux “ 

of Winding B also link 
Sf^- and - m c ° nse ? uence an identical e.m.f is induced in 
this winding since B and C have the same number of turns. The 

a K !fn PhaSC Wlth ' the current > “d, because the total 
f L f A and ) ® must / emam at 1 volt, it follows that a reduced 

required from A. The consequent reduction in the main 

core flux would m a practical transformer cause a reduction^! 
the ratio and phase-angle errors. 

When J? c == 0-2ohm the e.m.f.’s induced inBand C are each 
ieemf^derff 8 °? ndition winding B supplies the whole of 
SucS inT lfl secondary circuit, and none whatever is 
IS a nr. V As a result the mam core flux is eliminated and 
m a. practical tr^former the errors due to magnetization losses 
• SSTft If R c were greater 
4 : m B would exceed 1 volt, and to keep the total ; 

; secondary output at 1 volt a negative e.m.f. would be induced in 1 
A. In consequence the transformer would be over-compensated 1 

, A ^ efCOnSiderati ° nshows that ^ value R C = 0-2 ohm rives 1 

ande^f^T^^ 11011 *^ f U Kne currents > as all the currents . 

S .? re P r ?P°rta°nal to the primary current. 1 
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w oensation wmiM i_•, .. . complete com- 


r the present case it were wound with 250 turns, for instance 
i, current in the compensating circuit would be lamp and^P 

s unaltered 5 ^ M ^ Watts ^Dated 

B . (!•?) Actual Transformers 

j . ^ practic e account must be taken of the factors which causSl 
the performance to fall short of the ideal. Chief amongSI 
, are the resistance and leakage reactance of the windings writhe® 
, magnetizing and iron-loss ampere-turns needed to maintain 
L flux in the compensator core. . 

The compensating e.m.f. must overcome the impedances olP:!@ 
, windings A and B in addition to the secondary external burden II 
; so that in practical calculations Z b should include the whole of! 

, the impedance of the secondary circuit. S imilar ly the com - 

pensatmg impedance includes the total impedance of the com’ I 
pensating circuit. • ^ 

Regarding the magnetization losses, the compensator may be 1 
considered as a current transformer having C as its secondary"^ 
winding. The current in winding B is almost exactly propor- -i 
tional to, and m phase opposition to, the primary current so 51 
that the effective input ampere-turns of this current transformer S 
are very nearly the difference between the primary ampere-tums 1 
ana the nominal ampere-turns of B. 

Owing to the errors of this transformer the current in C iM 
slightly less than its nominal value, and is not in precise phase A 
opposition to the primary current. In conreque^ ifSf 
exact calculated value of auxiliary burden is used the cbm- '1 
als ° incorrect in magnitude and phase pojition 1 
K * an ? e , relat ! v 5 amounts. The result is that a small Voltage ! 

current^JH^ “ u tG make up ^ diff erence, and the main 1 
current transformer shows small errors. These errors are of the i 

unTnmnp der t°Z ™ agn * tude when compared with those, of the 1 
uncompensated transformer, as the loss ampere-turns in the 11 
compensgor core compared with the total ampere-lum$1 

of the compensating burden these errors M 
may be reduced to zero for any one value of primary current®! 

minfefo C v rentS i he com P e nsating e.m.f. should* 

^ h positlon and vary in exact proportion. The i 
errors of the auxiliary transformer change, however as the ■ 

forWh^ CUrr u nt iS changed > and Ae compensation will not there- » 

of erSrTl V tor™ 1 /™ 0< £? r current values - If the change'* 
Out »A /<n f n “ stan ?C’ the compensating e.m.f. will be 1 %., W 

o?flirarda^n? th ?™ m current transformer will have errors « 
or tue order of 1 % of the uncompensated errors. S 

is a theaccuracy of 1 the main current transformer i 

u accurac y the compensator, and, since the I 

amnere m™ Tt ^ ° n soa ? ething Iess than half the primary M 
ampere-tums, its errors are always greater than the riatural errors ll 

^ti^-lfr nt i P ? n f 01 i mer - Jt b 3180 apparent feat com -M 

amoere^ ta™ less effecti ve the lower the available M 

u ring-type transformers of low ratio will/S 
be T ■ most difficult to compensate. 9 

later Veiy S ° Gd results Stained as will be shown; 1 

formers havili ^ocompensa-tion is applied to standard trans- S 

or mo« the 


i ^ . i 

the abm ; e e xample the compensating burden is equal to a of primary cvneat the compensator injects a 

• j ffie secondary burden. By adjustment of the ratio Tfthe airl a mto the secondary circuit, this e.m f. being lS j 

by changes in the main buAten^SSeSl 
! alue (Appendix 5.1). y ^ of Z b complete compensation is obtained, and this will usuafoH 

'4 ^ ; not ’ of coura?, be 5-amp winding. If in dh^d fll w ° rldn « burden.' If the burden 3 

J • ^ | hgnged 016 e - m - £ mduced mB.to longer has the exact value;^ 
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required and the difference must be induced in A, which necessi¬ 
tates a magnetic flux in the main core proportional to the change 
in burden. # If the burden is increased the transformer will be 
under-compensated, and will therefore have a negative ratio error 
and a positive phase angle. If the burden is decreased the trans¬ 
former will be over-compensated and will have a positive ratio 
and a negative phase angle. 

Change of burden power factor has a similar effect, and this 
is shown vectoriaUy in Fig. 2, in which E is the total e.m.f. re- 



Flg. 2.—Effect of change of burden power factor on errors of compen¬ 
sated transformer. 

E = required secondary*e.m.f. 

Ejb = induced in winding B. 

Ejl — e.m.f. induced in winding A. 

I g — secondary current. * 

• — magnetizing current. 

I p — primary current. 

<I> = flux in main core, due to E A . 

quired and E B that induced in B, E A being the difference to be 
induced in winding A. The resulting flux in the main core is 
<t> and the magnetizing current is I m . In this particular case it 
is seen that the transformer has a negative ratio error and a 
lagging or negative phase angle. 

The. magnitude of the errors incurred in this way is roughly 
the same fraction of the uncompensated errors as the fractional 
V change in burden. For instance, a transformer compensated 
for 15*VA tincluding the infernal burden of the windings), and 
used on 12* 5 or 17*5 VA, would have errors of the order of one- 
r sixth of the uncompensated errors. 

(1.4) Magnitude of Compensating Burden 

This burden represents an additional impedance in the line, 
and it should on that account be as small as possible. Provided, 
however, that its magnitude does not exceed a reasonable fraction, 
say one-half, of the normal impedance of the transformer its 
actual value is of no great moment. 

From Appendix 5.1 the volt-amperes in the compensating 
burden are given by multiplying the fraction (Ampere-turns in 
C)/(Ampere-tums in B) by-the total volt-amperes in the main 
secondary circuit. 

It is seen that reduction of the volt-amperes may be accom¬ 
plished *by reducing the ampere-turns of winding C, the com¬ 
pensator errors being increased thereby. Since, however, first- 
order errors in the compensator produce only second-order 
errors in the main secondary current it is possible to reduce the 
auxiliary burdef? considerably without appreciable deterioration 
of thet)verall performance. 

In practice the volt-amperes in the compensating burden 
vary from about 5 to 100% of the main burden, depending on 


operating frequency should not result in appreciable changes in 
error. 

In the ideal case a compensated transformer is correct for all 
frequencies, the only effect of changes being to vary the flux 
density in the compensator core. In practice this variation of 
flux causes a change in the errors of the compensator, and second- 
order errors are consequently introduced into the main secondary 
current. Precision transformers show scarcely any variation due 
to changes of frequency between 25 and 100 c/s, the usual limits 
in a.c. supply. 

(1.6) Other Sources of Error 

Up to the present time the magnetizing losses have in general 
been considered the sole source of current-transformer error. In 
a compensated transformer the. effect of these losses is reduced 
to a negligible value and consequently it becomes necessary, 
especially in the cash of precision transformers, to consider 
sources of error which would justifiably be neglected in a normal 
transformer. * Chief among these are changes in ambient tem¬ 
perature, self-heating, magnetic leakage and inter-tum capa¬ 
citance. 

Errors due to variations in atmospheric temperature and self¬ 
heating may be considered together. The secondary circuit of a 
current transformer comprises the winding, leads and instrument 
coils, and all these normally consist of copper. They will all be 
subjected to different temperature rises due to self-heating, but 
an average figure of 20° C may be taken for the whole circuit. 
The temperature of a test room in this country is unlikely to 
vary by more than 10 deg from the mean of 15°, so that the 
maximum change in the temperature of a current transformer 
due to both causes would be of the order of 30 deg. 

This would have a negligible effect on the magnetic charac¬ 
teristics of the core, but would increase the resistance of the 
secondary circuit by about 12%. If the resistance of the com¬ 
pensating circuit remained unaltered the transformer would show 
errors of the order of 12% of the uncompensated errors. Fbr 
instance, a transformer having a natural phase angle of 2 mini, 
and compensated to give zero errors at 15° C, would have an . 
error of about 0*25 min on a hot summer day after, say, two 
hours on full load. Only measurements of extreme precision 
would be noticeably affected by such a small error. 

Where necessary, however, such changes in performance may 
be eliminated by a variable impedance in the compensating cir¬ 
cuit; this also enables adjustments to be made for varying 
secondary burdens. 

Another method of eliminating temperature errors is to make 
the whole of the compensating circuit of copper, so that its re¬ 
sistance also changes with temperature. The effects of ambient 
temperature are by this method completely eliminated, and if the 
temperature/time constant is arranged to be substantially the 
same as that of the main secondary circuit the effects of self¬ 
heating will be reduced to a negligible value. 

Leakage flux in current transformers is superposed on the 
working flux, causing a change in the ampere-turns needed td 
set up the working flux and a consequent change in the ratio and 



the type of transformer. 

It should be borne in mind that in many cases a compen¬ 
sated transformer will have less total impedance than a normal 
one of the same order of accuracy, owing to the reduction of 
operating ampere-turns made possible. Particularly is this so 
in precision current transformers, the secondary windings of 
which oftfen constitute the greater part of the total burden. 

• 11-5) Effect of Change of Frequency 

In testing stations standard transformers- may be required to ; 


work on various frequencies, and it is preferable that < 


phase-angle errors of the transformer. ^ ; ;r 

In a compensated transformer the working flux in the main 

• core is reduced practically to zero, and it follows that a normal 
amount of leakage flux will have a negligible effect on the errors. 
The errors of the compensator may be appreciably affected, how¬ 
ever, and small errors may in consequence be introduced into 
the main secondary current; these errors will be of the second 

* order compared with the uncompensated errors. 

Transformers with fixed primary windings may readily be 
compensated to allow for the effect of leakage by a small adjust 
.. ment of the compensating burden. Ring-type^ transformers. 
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however, are often used for different ratios by winding primary 
turns through the central aperture, and where the number of 
turns is very few it is practically impossible to obtain uniform 
distribution. 

Dr. A. H. M. Arnold 3 and Price and Duff 8 have investigated 
this point and their results are fully discussed in pages 127-138 of 
Dr. B. Hague’s book on “Instrument Transformers.” 1 It is 


ceeds 2 000 gauss, and the permeability of iron at such densi 
ties is relatively low. Pre-magnetization puts the* iron into a 
better magnetic condition before the working flux i &appfod and 
a marked reduction in the ampere-turns needed to maintain this 
flux is the result. 

The additional magnetization may be obtained in several wavs 
three of which are illustrated in Fig. 3, (a) from a separate source 



i'lg. o 

f.\ p„ ^L^£Sf®? e ^f a “°£,?^ tai 5 ed from external source. (i) Pre-magnetization from an auxiliary current transformer 

(c) Pre-magnetization by unbalanced magnetization force on two halves of main core. Nominal ratio 500/5 amp; number of turns 

shown that for a transformer having a uniformly distributed 


■ 100 . 


- —— - —^ * VUWHiV/WVVU 

secondary winding the arrangement of the primary turns has 
very little effect where the ampere-turns are 2 000 or less. In 
general die ampere-turns of compensated transformers of normal 
ratios will not exceed this figure, so that leakage effects, being 
- reduced to a fraction of their former value, need not be con¬ 
sidered. 

- Above 5000 ampere-turns, however. Dr. Arnold found that 
very large increases of ratio error, and much distortion of wave 
form, were obtained if the primary turns were concentrated on 
one part of the core; a 20 000-ampere-tum transformer showed a 
ratio error of no less than 67 %. 

These effects were due to saturation of parts of the Mumetal 
core on account of the high number of ampere-turns involved, 
and, while compensation would probably reduce the overall error 
> considerably, extreme precision would not be obtained. Dr. 
Arnold has, however, described in his paper the construction of a 
copper shield which reduces the effects of leakage to a very small 
value. 

Comparatively little information is available regarding the 
effects of self-capacitance of windings on the performance of 
current transformers. The author’s experience is that these 
effects are negligible unless the number of turns on either winding 
is of the order of 5000 or more, a condition only obtained in 
precision transformers of veiy low ratio, say 0-5/5 amp or less 

In one case a variation of 0-01 % iff ratio and about 1 min phase 

angle were observed on a transformer having a primary winding 
£; of 8 000 turns. J B 

In a compensated transformer the errors may be reduced to 
zero by a slight adjustment of the auxiliary burden, any effect of 
capacitance thus being eliminated. It is reasonable to suppose 
that capacitance effects for a given current transformer will be 
proportional to the current and that in consequence one value 
of compensating burden will be correct for all primary currents. 

(1.7) Use of “Pre-magnetization” 

The errors of most current transformers may be considerably 
reduced by the application of pre-magnetization. This artifice 
- has appearedin several forms during the last thirty years but the 
/ underlying principle is the same in all cases. * .! ? 

. Briefly the idea is to use additional a.c. magnetization to pre¬ 
excite the core to a flux density in the region of maximum per . 
if 7neabihty s and to superimpose the working flux on this The 
n : normal working flux’density of a current transformer rarely ex- 

ilt 



such as the secondary of a voltage transformer, 7 - (b) from • 
an auxiliary current transformer, 4 and (c) by some special 
arrangement of the transformer’s own secondary winding. 14 In ■ 
each case the main core is split in two equal parts which are 
pre-magnetized in opposite directions so that no resultant e mf f 
due to the extra magnetization is induced in the secondary S 
circuit. *>': 

It is to be expected that, when properly applied, method (a) % 
will give the best results because the auxiliary excitation is s 
constant and may therefore be arranged to maintain its most * 
beneficial value at all loads. In. practice the provision of a 
voltage transformer for this especial purpose is rarely worth the || 
improvement obtained. The method should, however, find some 4l 
practical application in high-voltage metering, since its use may 
enable simple bushing transformers to be employed where costly t? 
wound-type transformers would otherwise have been essential. 

In such installations a voltage transformer is required in any case 
to energize the meter potential coils, and the auxiliary excitation w? 
may be obtained from this. The extra burden on the voltage II 
transformer is only a few volt-amperes, and does not affect the 
errors to any appreciable extent. 1*1 

Methods (b) and (c) have the advantage that the current trans- 
former may be constructed as a self-contained unit with no ex- ;?jf 
ternal complications. The amount of pre-magnetization ob¬ 
tained, however, varies with the line current, and consequently 
the maximum advantage is not maintained for all values of 
primary current. For example the auxiliary flux density in a 
Stalloy transformer may vary from 1 000 to 10000 gauss as 
the current changes from 10% up to* 150% ojf its rated value. 

It is often found, in fact, that the errors at the higher currents 
are adversely affected, because the auxiliary flux density is well 
above the point of maximum permeability. -■■>§ 

.The benefit obtained by pre-magnetization is generally better 
the lower the working flux density. For this reason it appears v? 
that some form of this device should be particularly useful when ^ 
combined with the author’s method of compensation, since by f 
this means the working flux is already reduced to a veir small S 
value. 

One set of figures showing the effect of this combination is 
given in the tables of results, but investigations are not yet com¬ 
pleted in this field. 

* (1-8) Test Results / 

Tables 1 to 5 give figures showing the effect of compensation 4 
on the errors of three ring-type current transformers. 








• HOBSON: INSTRUMENT TRANSFORMERS 

Table 1 

Transformer No. 1: 500 Ampere-turns, Mumetal Core, Weight 7 lb 


Compensated for 5 VA (non-inductive) 


5 VA, 0 • 8 P.F. 



Ratio 

Phase 

Ratio 

Phase 

Ratio 

Phase 

RSEIBh 

lAf 

60 

20 

10 . 

- 0%42 

- 0-053 

- 0-068 
- 0-077 

min 
+ 4-0 
+ 4-9 
+ 5-6 
+ 7-3 

0-000 
0-000 
+ 0-001 
+ 0-002 

min 

0-00 

0-00* 

+ 0-04 
+ 0-06 

+ 0-025 
+ 0-023 
+ 0-019 
+ 0-024 

1 1 1 1 

- 0^027 
-0-024 
-0-021 
-0-017 

min 

+ 1-9 
+ 2-1 
+ 2-5 
+ 2*6 

-0^047 
-0-050 
-0-060 
— 0-058 

min 

- 1-3 

- 1-3 

- 1-2 
- 1*3 



Table 2 

Transformer No. 1. 


Compensated for 25 VA (non-inductive) 



V 

+ 0-005 
+ 0-003 
+ 0-013 
+ 0-021 


min 
0-00 
0 00 
+ 0-21 
+ 0-35 


Table 3 


Transformer No. 2: 500 Ampere-turns, Stalloy Core, Weight 8 lb 


Uncompensated 


Compensated for 5 VA (non-inductive) 



Ratio 

Phase 

Ratio 

Phase 

Ratio 

Phase 

Ratio 

Phase 

1^0 

60 

20 

10 

«/ 

- 0-36 

- 0-40 
-0-440 

- 0-530 

min 

+ 29 
+ 38 
+ 59 
+ 76 

V 

-0-110 
-0160 
- 0-076 
+ 0-024 

min 

0-0 
+ 0*9 
+ 5-3 
+ 9*7 

+ 0^114 
+ 0-115 
-0-220 
- 0-270 

1 1 1 1 g 

SiKsc; 5 ' 

— 0*240 
-0-275 
-0-406 

- 0-340 

min 

+ 15 
+ 19 
+ 29 
+ 37 


v Table 4 

Effect of Pre-magnetization on No. 2 Transformer 

# Compensated for 5 VA (non-inductive) 


Table 5 

Transformer No. 3: 50/5 Ring Type, Mumetal Core, 


Weight 10 lb 


Uncompensated 


Compensated 


—0*057 
-*0-092 
-0-050 
- 0-015 


Phase 

Ratio 

Phase 

Ratio 

Phase 

min 

0 

-0-3 
j -0-3 
+ .4-8 

i - ■ ■ ■ 

+ 0^195 | 
+ 0-080 
+ 0-090 
+ 0-055 

> min 
- 110 

- 9-5 

- 7-8 

- 9-5 

- 0^305 

- 0-275 
-0-180 
-0-120 

min 

+ 11*5 
+ 9*2 
+ 8-1 
+ 17*8 


«/ 

+ 0-15 

0 

+ 0-23 
+ 0-45 


’The true criterion of the effectiveness of compensation is a ' . transformers tested was dismantled dhd 

nominal ratio employing.the whole of the core iron used m (a), transformer. . . 
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=SE£££Sl IS^SZSi^i: 

Transfonner No. 1 had a Mumetal core weighing a total of nnirc te£ possI ^ le ^construct compensators as entirely separate. 


ssStoSSSsss 1 "<“■»«*«»*™»«*, 
«g - ■ J 

Table 2 gives the errors of the same transformer at 25 VA It • Wouod " type current transformers, such as are commonly used ®- 
fould be noted that the variation in mTSrl^e fa ^ p ^tnetermg generaUyempJoy from 500 to imSgt 1 ® 
burden of 2-5 VA is about the same in both tables. . and may therefore be compensated to have neglirible 

Transformer No. 2 was almost identical in construction with u?* S ■ re< ? aired - Whether the improvement in accuracy ' 

No. 1, but the core was of Stalloy. Results are given in Table 3 ° btai fthe extra cost must depend on individual dr* 

‘l***- combined effL of Si* *"“«■*» f «« <*« AM .BS^S 

magnetization on No. 2 transformer is shown Comparing !f q “ te g ?° d and as this accuracy is often obtainable 

ftese figures with those in Table 3 it is seen that not only are £• M? f ° WS that . compensat i°n will not usually !l 

the actaal errors halved, but the variation in error due to change Moreover, metenng transformers of the same ^ 

in burden is also much reduced. typ 5 may m Practice be required to work on a variety of burdens ^ 

.^e accuracy attained at the actual compensated burden is »,„ SyS ?f mS of exceptionally high short-circuit capacity' ® 

mthn. tbo IMIS of Cte AL. It is belfc^d ZnSS? SZ2T'J‘ “ in “* “«=* of safety to . • 

figures are obtainable. °“" f oumbei: of ampere-turns in wound-type current transformer^ 

Transformer No. 3 had a ratio of 50/5 amp. The core was I ° wea *P° s si ,3l e figure: The poor accuracy obtained conse- : M 
stock 0-015-in Mumetal of the same diameter as No 1 but diffir* £f * e r ? dUCtl °” of amper e-turn s is a source of considerable li 

weighing 101b. asm. 1 , but d^cuky in h.t.metering, and,insuchcasescompensatS«S5 

(1.9) Practical Ap plication s ofen provide a solution to the problem. 

(1.9.1) Standard Precision Transformers. Regarding ring-type transformers, it is possible, using com- • > 

The smallest errors hitherto obtainable by normal design are obtain^rr^ 0 ^^ 1 ^ 011 - Wlth Mumetal cores of normal 'size, to ?s 
of the order of 0-005% ratio and 0-5 SS phatTngte a raTo nfTm/T 2 ™ n ° Vei the . normaI current range for I 

. v ^^laj™nmn^rof ampere-tomf often'asmanj? as* 5 e M0°and formers shouId ^ mSch^deJ ^ Sure^ ^ ^ " 

^ ^ P 3)j 1 B US * 1 ' 118 Transformers of Low Ratio, 

possible, to rwhirv* __« Quired. It is Perhaps one of the most imnnrtant ucao _ 


^^^odng a condenser arn-^s the s^on^ryordspedaUy^ pro¬ 
vided tertiary winding. The slope of the phase-angle oive is 
KrT'f affected by this device, and zero error may only 
r ° f primuy “"»* »** * *« 
Tho figures in Table 1 show that by using compensation ex 


-9.3) Bushing Transformers of Low Ratio. ’J 

possible, to reduce the phase error of a tr^sforme^tcTzero by aoouStion°fA th ^ nK f t irr ? portant uses of compensation is its s| 

2Sf2ti«-*s «•«** >>* »*on<iuy o, iZSsrJz ssxr&'zzsz !*!*«.■*»'■ 


range of measurement. A variation of 2*5 VA fmm + 1 .- , . ®®^,on systems, and (b) the large diameter of the 

precision ?caused errors of 2 to 3 min, but in many S pShTSd^S^^** transfbrmer ^ c ° res ba ™8 long magnetic j 

^ on same buSS ^ “ceding m consequence more magnetizing ampere- 

' «-,!«3EB5ES5J*;•«» «m of o-oiSrsS m*-.n» 


meterir.fr , U1 ruig i ranstormers for h.v. M 

metomg. The cost of wound-type transformers for 22 kV and ''3 
upwards is very high, and one such unit may occupy as much - 

SLirf"'- 1 

busbte^ fitt ® d over tbe 013111 transformer or alternator M 
o?spai TnTartri! greatadvanta S es ™ cos t, safety and saving J 
faew^c t In [ a °t ^ possib fihy of their use is often the deciding # 
factor as to whether h.v. metering may be employed.' 

_ rhe use of bushmg transformers of normal design $ limited l! 
^ro^mapalxeasons: (a) the comparatively small line currents M 
experienced on h.v. svstems nnri j*___^~ .. 


P^ and needing m consequence more magnetizing ampere-1 
onfiSSrombttleeffect J 


r • .. ■' 
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The index 2/n is 1 • 2 for Stalloy and 1 * 6 for Mumetal. 

The striking point about this expression is that the index 1 jn 
has been doubled, which represents a very pronounced advantage 
for the compensated transformer. It has so far been considered 
almost useless in many cases to employ the whole of the space 
available for bushing transformers owing to the small gain in 
accuracy obtained. The value of 2/n for Mumetal is 1-6, how¬ 
ever, and the provision of extra core weight is clearly well worth 
while when the accuracy improves with the 1 • 6th power of the 
weight. 

The last expression is shown graphically in Fig. 7, for Mumetal 



Owing to war conditions and the consequent difficulty of 
obtaining experimental material the author has been com¬ 
pelled to curtail investigations on low-ratio bushing trans¬ 
formers. In Table 5, however, very good results are shown for 
a 50/5-amp transformer having a small core weight for such 
types, and from the foregoing notes and figures it appears that,; 
using compensation and possibly some form of pre-magnetization* 
there is no reason why transformers of reasonable weight and 
having good metering accuracy should not be constructed for 
primary currents of 25 amp and even less. * 

(2) VOLTAGE-TRANSFORMER TESTING 
Most methods of testing voltage transformers are absolute, ; 
employing a tapped high voltage resistor, the basic principle 
being shown in Fig. 9. In such methods the resistor is con- 



Fig. 9.- 


-Principle of absolute methods of testing voltage transformers 
using a tapped h.v. resistor. 


and Stalloy. It is seen that doubling the length of a Mumetal 
compensated transformer reduces the error to about one-third 
of its previous value. These curves should be compared with 
those in Fig. 5. for normal transformers. 

The reduction in error for increase in diameter is naturally 
less, and is approximately given by the squares of expressions (11) 
and (12) in Appendix 5.2. 

When the ratio between the permissible inside and outside 
diameters is uneconomical^ large, however, a fuller use may be* 
made of the outside part by making the main and compensator 
cores of different diameters so as to fit one over the other as 
shown in Fig. 8. 
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transformers. j&Yii 

a ® ratio x is by this means kept reasonably small in 

each case, while both cores may have the full availableaxiall 
^length. Such cores will almost invariably be of the Mumetal 
clock-spring type so that no difficulty arises regarding sizes of 
stamping tocds. # \ 



nected to the same high-voltage supply as the transformer 
under test. The secondary voltage of the transformer is opposed 
to a known fraction of the primary voltage, obtained from a 
tapping on the resistor. Finally the vector difference between 
these voltages is measured and resolved into componeiits in-phase 
and in quadrature with the primary voltage, and the ratio and; 
phase-angle errors calculated therefrom. 

While resistor methods are eminently suitable for laboratory 
work they suffer from several disadvantages from the point of 
view of the meter engineer, who is after all the man most con¬ 
cerned with voltage transformer errors. 

High-voltage resistors of the electrostatically shielded type are 
bulky and expensive, and seldom have any use other than the a 
one under discussion. In most test rooms only about half a 
dozen voltage transformers need to be tested in a year, and it is 
therefore not surprising that comparatively few undertakings aref 
equipped for this purpose, although most of them are able to 
carry out tests on current transformers. Lesser disadvantages 
of resistors are the danger to the operator arising from the direct 
connection of the measuring apparatus to the h.v. supply*and the 
large amount of power consumed on the higher voltages. 

Relative methods of testing, i.e. by comparison with a standard 
transformer, do not seem to have found much favour up to the 
present. Very few methods have been suggested; possibly this 
is due to the supposed difficulty of designing multi-range stan¬ 
dard transformers of the required precision. In fact* a pre¬ 
cision voltage transformer is probably less difficult to design 
than a shielded resistor having similar ratio and phase-angle ; 
characteristics. The resistor may have the advantage when a a 
large number of different ratios are to be tested, bui^t should be ^ 
remembered that in the majority of test rooms only two ef three ! 
voltage transformer ratios are normally used. It is a simple - 
matter to construct a standard transformer having a phase-angle * 
error of 2 to 3 min, and even this error may be "eliminated :; 
by means of a condenser connected across the secondary winding, | 
since the transformer is always used on the sanfc burden. 

The relative method of testing about to be described 
originally designed with the object of adapting the current trans- 
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former apparatus devised by Dr. A. H. M. Arnold 2 for testing 
voltage transformers, rendering the same equipment available for 
both«purpbses. This object has been satisfactorily achieved, but 
the method is not lftnited to this particular apparatus and may 
in fact be used with many existing a.c. potentiometers. 

The set measures the difference in error between the standard 
and test transformers, with an accuracy and sensitivity comparable 
with those obtained when testing current transformers. The final 
accuracy will probably be rather less, however, because it is not 
possible at present to measure the error of the standard as 
accurately as that of a standard current transformer. Taking 
all factors into account, the readings obtained from the set 
should be within about 1 % of their correct values. The errors 
of the standard must be determined by an absolute method, 
and it is improbable that the results obtained will be nearer to 
the correct figures than 0*02% in ratio and 0*5 min in phase 
angle. 

The principle of relative methods is shown in Fig. 10. The 



Fig. 10.—Principle of testing voltage transformers by comparison 
• • with a standard transformer. 

primary windings of the test transformer and a standard having 
the same nominal ratio are connected in parallel to the same h.v. 
supply and the secondary voltages are opposed as shown. The 
vector difference of the secondary voltages is thus obtained, 
representing the difference in error between the two transformers,^ 
and this requires to be measured.* 

The method may be used without further complication to check 


e.m.f.’s for the potentiometer. R is a non-inductive resistance 
having a value 2 000 or more times that of the slide resistance or 
mutual reactance, so that the current flowing in this part of the 
circuit is in phase with the standard secondary voltage within 
2 min or less. In consequence the potential differences across 
the slide resistance and the mutual inductance are respectively 
in phase and in quadrature with the secondary voltage of the 
standard, i.e. in the correct phase positions for measuring the 
components of the difference voltage. 

The difference voltage cannot be applied directly to the poten¬ 
tiometer, for two reasons; first, the secondary of the test trans¬ 
former would thereby be short-circuited, and secondly the voltage, 
across the potentiometer is much smaller than the difference, 
which must consequently be stepped down to a suitable value 
for measurement. To overcome these difficulties a small trans¬ 
former is used as shown in the complete diagram in Fig. 12. The 



Fig. 12.“—Complete diagram showing method of testing voltage 
transformers. 

errors of this transformer are estimated to be less than 0*1 % 
ratio and 2 min phase angle, and these have a negligible effect 
on the measurements made by the apparatus. Secondary 
tappings may be used if required to give extra ranges of measure¬ 
ment. 


an ordinary transformer against a standard or two similar trans¬ 
formers against each other. This is done by connecting a low- 
reading voltmeter so as to read the difference voltage. Generally 
the value of the difference voltage should not exceed 1*5 for a 
Class B transformer having a 110-volt secondary, although a 
large burden of low power factor may cause a reading of 2 volts. 
When similar transformers of the same make are being checked 
in this way the difference voltage should be almost unreadably 
small. # 

* The high resistance of a.c. milliammeters sometimes enables 
them to be used for this test. . * 

When actual ratio and phase-angle errors are to be determined 
the components of the difference voltage in phase and in quadra¬ 
ture with the main voltage require to be measured. In the present 
methdd this measurement is effected by an a.c. potentiometer 
: consisting of a slide resistance and a mutual-inductance standard. 
Fig. 11 shows the method of obtaining the necessary reference 


A small voltmeter, reading about 10 V full scale, is so con¬ 
nected as to read the difference voltage, and it serves to check the 
circuit connections, the ratio of the standard transformer, and 
the polarity. If these details are correct the voltmeter reading 
will not exceed 2 volts for transformers of normal accuracy. If 
the polarity of either transformer is reversed, approximately 
double the secondary voltage (about 220 volts) will appear across 
the difference voltmeter. If the nominal ratios of the standard 
and test transformers are not the same, a reading greatly in excess 
of 2 volts will be obtained. 

In conducting a test, therefore, the difference voltmeter must 
be watched as the applied voltage is increased. It is soon 
obvious if an error has been made, and the supply may then be 
switched off and the mistake corrected. 

When the potentiometer is balanced no current flows in the 
secondary of the difference-voltage transformer, and only a very 
small magnetizing current flows in the primary. The total current 
taken by this transformer and the difference voltmeter is less 


> Difference 
% voltage J 

I c 

| Slide 1 

[resistance <= 
hgr Mutual I 
inductance 


Fig. 11.—Method of obtaining in-phase and quadrature components . 

of e.m.f. for potentiometer. / 1 


than 2 mA, representing a burden of about 0*2 VA on the test 
transformer. This has a negligible effect on the errors in the 
vast majority of cases. 

In the particular adaptation of the method for use with the 
potentiometer of the Arnold current-transformer set, the re¬ 
sistance R may be 100 ohms, imposing a burden of 110 watts on 
the standard transformer. This is not excessive since a voltage 
transformer having very small errors must have extremely low 
resistance and leakage reactance. The set measures the different 
in error between the standard and test transfenrmers. If the 


v - in error between the standard and test transfer 

7 ■ :v i * - % - ^ 
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errors of the standard with its working burden connected are 
known, therefore, this burden has no effect on the accuracy of 
the method. 

A voltmeter reading up to 125 volts is needed to indicate the 
secondary voltage of the standard. This imposes a small extra 
burden of about 5 VA. 

The difference-voltage transformer is very small and, for the 
case under consideration, has turn ratios of 4 000, 2 000 and 
400 to 1 obtained by secondary tappings. These give three ranges 
of measurement, viz. 2 % and 100 min, 1 % and 50 min, and 0 • 2 % 
and 10 min. 

The'complete apparatus is fitted in a box, the terminal arrange¬ 
ment being such as to facilitate connection to the Arnold current- 
transformer set The method of connection is shown in Fig. 13. 



transformer being connected across the secondary of the standard 
A suitable ratio for this transformer is 110/5* 5 volts, and if if fe 
made 2 ohms the burden on the standard is reduced to 15«watts 
plus the internal burden of the additional transformer. The 
current in the potentiometer elements would thereby be increased 
to 2-75amp from 1-lamp, with consequent increase in 
sensitivity. 

The accuracy of this transformer is only of secondary ini- 
portance; for instance if it had an error of 1 % the measure^ 
ments made by the apparatus would be affected by 1 %, so that a 
phase-angle reading of 20 min would have an error 0-2 min 
which is negligible in practice. In consequence this transformer 
may be quite small; it is a simple matter so to design it that its 
errors are negligible, say 0 • 2 % and 5 min, at its working burden. 

(2.1) Theory of Method 
Current in potentiometer elements = VJR 
Voltage across r = V s r/R in phase with V s 
Voltage induced in secondary of m = V^m/R in quadrature 
with V s 


At balance, 


v f /n = V,rlR r 
vjn — V s cotn/R 


To "external circuit" 

. terminals 

Fig. 13.—Connections of voltage-transformer set to the Amold-equip- 


Therefore difference in ratio error between standard and test 
transformers = v r /V s = nr/R 

and difference in phase angle of standard and test trans¬ 

formers = vJV, = comn/R 


One small alteration needs to be made to the Arnold set. Two 
leads connect the secondary of the 5/5-amp isolating trans¬ 
former to the slide resistance and the primary of the mutual 
inductance. These leads require to be broken at one point and 
the four ends connected to two pairs of terminals provided on 
the voltage-transformer equipment. The Arnold set has two 
spare pairs of terminals which enable the potentiometer to be 
connected to an external circuit. One pair needs to be connected 
to the terminals marked “potentiometer” on the voltage-trans¬ 
former set. 

The change-over from current to voltage transformer testing is 
effected by changing a link, shown in Fig. 13 at the top of the 
panel, and by moving the rotary switch on the Arnold set to the 
external circuit” position. Another link serves to change the 
testing range. • - • 

In a modification of the method the sensitivity is much in¬ 
creased and the burden on the standard reduced, by supplying 
the potentiometer elements through a step-down transformer. 
This arrangement is shown in Fig. 14, the primary of the new 

Difference voltage 

transfonner 1 


H.Vgl 



Fig. 14*—Voltage-transformer testing equipment with step-down 


(3) ERRORS OF THREErPHASE VOLTAGE TRANSFORMERS | 
vo When watt-hour meters are to operate with current and voltage | 
is- transformers it is theoretically preferable to carry out the meter 1 
ial calibration with the transformers in circuit, so that the errors of '‘l 
nd the transformers are automatically allowed for in the test. By | 
on this method an additional advantage is obtained in that the trans- j; 
vo formers are operating on their actual working burdens when the § 
be test is carried out, and the proper error values are therefore I 
ed applied to the meter. 

is- So far as current transformers are concerned little practical* 1 
difficulty is encountered in doing this and it is, in fact, customary : ^ 
is to include the current transformers in the meter-testing circuit. 1 
he For various reasons, however, it is generally impracticable to | 
he calibrate meters with voltage transformers in circuit, and i 
he mstead the usual plan is to make an allowance for the trans- 3fj 
former errors. This involves (a) the accurate determination 
n ~ °f the errors at working burden of the transformer, an<f : Jf§ 
ig (o) the correct application or these errors in calibrating the meter. * | 

_ Little difficulty is experienced in applying the errdiS correctly; \ 
w but their accurate determination is more involved, especially in | 
the case of 3-phase transformers, and this process is indifferently | 
carried out at the present time. It is not generally realized that I 
quite large errors in metering, amounting to 2-3 % in some cases* ;§ 
may be incurred by using incorrect methods of estimating voltage-1 
transformer errors. ^ ^ 

Tfie total error of a voltage transformer is the algebraic suind 
of a constant no-load error and a variable error due tp th%| 
burden. The variable portion is merely the impedance voltage- 
drop in the transformer due to the flow of burden current, f63 
• ; sol y ed ^-phase and quadrature components representing 
ratio and phase-angle errors. ^ , 

accordance with B.S. 81/1936, makers of voltage trans- 
; formers usually give the errors at zero burden and at full ratefl.^ 

• ^ < ^^ on " ,in<iuc<ive )* <The:Cpnstant error is .thus given direcfly^ 
the difference between the two ratio errors is a measure of the 
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resistance of the transformer* and the difference between the two 
phase angles is a measure of the leakage reactance. Enough 
information is therefore available to enable the total error at any 
burden or power factor to be worked out, the process being 
very similar to the calculation of the voltage regulation of a 
power transformer. 

The accuracy attained in the calculations depends mainly on 
the accuracy of the available test results and on the care taken 
in measuring the working burden and its power factor. A 
number of tests carried out by the author to check such , cal¬ 
culations gave figures agreeing within 4% of the estimated 
values. The methods of testing used were the one described in 
Section 2 of this paper and the one due to Agnew and Silsbee. 9 
Ordinary commercial instruments were used in measuring the 
burdens." 

The problem of single-phase transformers has already been 
solved by mathematical and graphical means, and suitable 
• references are given in the Bibliography. Probably the quickest 
is the graphical method due to Mollinger and Gewecke, 10 which 
is fylly described in several English publications and notably in 
Hague’s book on “Instrument Transformers.” 1 Gewecke 13 also 
developed a diagram for 3-phase transformers which is, however, 
r&ther cumbersome to use and is not readily available to most 
engineers, * 

The remainder of the present paper is devoted to methods of 
estimating the errors of 3-phase star-star voltage transformers 
under any condition of burden from test results at unity power 
^ The special object in view has been to provide a com¬ 
plete* solution to the problem in such a way as to meet the 
practical needs of meter engineers who are too busy with other 
* matters to make a specialized study of voltage-transformer theory. 

Hie MSllinger and Gewecke (M. and G.) single-phase diagram 
is used in the solutions for 3-phase transformers, so that a know¬ 
ledge of it is necessary to the understanding of the rest of the 
paper. Phase angles must be expressed in centiradians when 
using the diagram; minutes and centiradians are given side by 
side in the tables of results. The term “phase angle per cent” is 
used in the text instead of “centiradian.” In the author’s view 
this term is preferable as it is the quadrature equivalent ©f “ratio 
per cent.” 

(3.1) Three-Phase Transformers 

'■'-V; It must first be remarked that accurate error figures on 3-phase 
transfbrmers can only be obtained if a true 3-phase supply is 
used in the tests. Sometimes tests are carried out on each leg 
or phase in turn, .using a single-phase supply. The results 
•obtained in this way are certainly useful in that they give some 
idea of the errors and thus verify the correctness of design and 
construction. There is, however, no clear mathematical con¬ 
nection between such figures and the true errors. 

Two methods of dealing with 3-phase transformers are given 
below. 


devised an easier method in which the work is reduced to a 
number of simple applications of the single-phase M. and G. 
diagram. This, the second method to be described, employs the 
results of a number of special tests on non-inductive burdens. 

Method 1 .—Determination of the Working Errors of a 3-phase 
Voltage Transformer from the Normal Phase-Neutral Test. 
Results . 

The procedure is in two distinct parts:— 

(a) From the known values of the phase-phase burdens and 
their power factors the errors of each phase to neutral under 
actual working conditions are estimated. 

(b) Using these phase-neutral figures the phase-phase errors, 
are then calculated from the following formulae which have been: 
given by Hague but which are deduced below in a simpler manner. 


In Fig. 15(<a) the phase-phase voltage is the vector dif- 



^ 30 ° ’ 

(b)' 

Fig. 15.—Deduction of phase-phase errors from phase-neutral errors* 


ference between the phase-neutral voltages V A and V B . It is 
required to estimate the effect on Vab of small errors in phase: 
and in quadrature with V A and V B . ' . 

The important part of the vector diagram is shown in Fig. 15(6)> 
in which r A , p A , r B and p B are the percentage ratio and phase--: 
angle errors of V A and ^ respectively. These are all given 
positive values for convenience. In constructmg Fig. 15(6) it 
should be remembered that r A and p A are respectively in phase . 
and in leading quadrature with V A , and that similarly and p B 


The test certificates supplied by manufacturers usually give the are in phase and in leading quadrature with V B . The dotted 
errors of each phase to neutral at zero burden and full rated Knes in the diagram represent the resultant m-phase and quadrat- 
burden (non-inductive), a total of six tests. Using these figurea-\t^ of V^, and an examination shows that 
the first method showshow to work outthe errorsforany burden error = 0-8 66(r A + r B ) + 05 (p A -p B y 

or corobaatoon of burdens,balanced JS''' Quadrature error = 0- 866(^ + p B ) + 0- 5(r* - r A 

methed is very useful in that it may be applied to the many . ; . ^ 

transformers already in stock or in service without further tests These values require to be divided by \/3 to obtain the per-, 
being needed, and it may also be applied to a set of three single- centage ratio and phase-angle errors, since r*, r B} etc., are per- 
phase voltage transformers connected to form a 3-phase star-star centages of the phase-neutral voltages, whereas the phase-phase? r 
bank, provided the h.v. neutral is earthed. m . voltage is «f3 times larger. 

• In 3-phase 3*leg ^ansformers the;;displacement of the neutral The final expressions are:— . . ^ 

• point due to imbalan<^bito^^^;^aa:i^d^^:a|pre- : Ratio error of = 0-'5(r^ + + §-289 (r, - P B ) • (*)• * 

ciable effect on the errors^ ■ * v 

; %. The process is, however, rather kborious, and |he:auff|qr haa^lfhase angle of » 0*5 (p A +#£ + &W9{r B - r A ) . m 
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It should be noted that in these formulae A is the leading 
phase. 


Example of Method . 

Table 6 gives the phase-neutral errors of a 3-phase Class B 


This, however, involves three rather tedious vector calculations 
and a quicker way is to use the M. and G. diagram twice for 
each leg, once for each component of current, and to sum the 
effects to obtain the total change in error for that leg. 

It must be remembered here that the figures given in Table 6 


Table 6 

Errors of 3-Phase Voltage Transformer, Phase-neutral, used in Example on Method 1 


Burden 

(non-inductive) 

Phase A-N 

Phase B-N 

Phase C-N 

Ratio error 

Phase angle 

Ratio error 

Phase angle 

Ratio error 

Phase angle 

VA 

0 

% 

+ 0*7 

min 

+ 25 

+ <>725 

+ h 

min 
+ 10 

+ <>291 

% 

+ 0-7 

min 
+ 26 

+ 0^755 

50 

• - 0-6 

+ 20 

+ 0-580 

- 0-5 

+ 5 

+ 0-145 

vo 

6 

1 

+ 21 

+ 0-610 


transformer, the loading being phase-neutral. The phase-phase 
errors will be deduced for the following burden conditions:— 

Phase AB .. .. 30 VA; current lagging 20° 

Phase BC .. .. 35 VA; current lagging 45° 

. Phase CA .. .. v 25 VA; current lagging 75° 

Fig. 16 gives the complete vector diagram, drawn to scale, the 

Va* 



relate to phase-neutral burdens and that accordingly the phase- 
phase working burdens require to be divided by <y/3 to obtain the 
corresponding phase-neutral values. * 

Further, in applying the M. and G. diagram the angle between 
the current vector and the corresponding phase-neutral voltage 
must be used. If </> is the angle between current and phase- 
phase voltage, the angle between current and phase-neutral 
voltage will be either (</> - 30) or (<f> + 30), according to whether 
or not the current vector has to be reversed. 

In a normal transformer the three legs will be of identical 
design, so that to a sufficiently close approximation their re¬ 
sistances and leakage reactance will be equal. In consequence 
the changes of error for a given burden at unity power factor 
will be the same for each leg, and only one M. and G. diagram 
need be drawn for the whole transformer. 

In the present case, for instance, for 50 VA non-inductive, the 
error-changes, from Table 6, are - 1*3% ratio and - 5min 
(— 0* 145%) phase angle. The diagram for this transformer is 
given in Fig. 17, in which six different characteristics have been 


JPig. 16.—Vector diagram of 3-phase voltage transformer with un¬ 
balanced burden (Example 2). 


dotted lines representing the reversed current vectors. The total 
^current in each leg is the vector difference between two of the 
^currents shown, i.e. ■ ' 

Current in phase A = I' AB — I' CA 
Current in phase B = V BC — 1'^ 

Current in phase C = V CA - I' BC 

* °hvioiis procedure is first to work out vectorialiy the total 

» m ffro ntiQOA maaMa. ai _ A _ .. 




and Gewecke diagram for 3-phase transformed 
(Method 1). * •••••■ "-* 1 * 

,. 
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phas^neutral voltages shown in Fig. 16. The points M, N, P, 
Q, R and S give the error changes for 50 VA phase-neutral burden 
for the angles indicated. 

The phase-neutral errors at working burden of the three legs 
are obtained as follows. * 

Phase A. 

Fibm Fig. 16 it is seen that the burden currents in, this phase 
are I AB and — I CA . These correspond to the following phase- 
neutral burdens:— 

30/^3 or 17*3 VA; current leading V A by 10° 

25/-y/3 or 14*4 VA; current lagging V A by 105° 

Thejpoints M and S in Fig. 17 give the changes in error for 
50 VA at these angles; these are — 1*25% ratio and — 0*37% 
phase angle in the first case, and +0*19% ratio and + 1*29% 
phase angle in the second case. 

For a given power factor the change in error of a voltage 
transformer is proportional to the burden, so that we have 

Ratio-error change due to Iab 

= -1-25 X 17-3/50 = -0-435% 

Phase-angle change due to Iab 

=-0*37 x 17*3/50 = -0*128% 
and 

Ratio-error change due to —Ica 

= + 0*19 X 14*4/50 = + 0*055% 

Phase-angle change due to —Ica 

# = + 1*29 X 14*4/50 = +0*373% 

The total errors of this phase are obtained by summing the 
zero burden errors and the above error changes, i.e. 

Working ratio error of phase A 

= + 0*7 - 0*435 + 0 055 = .+ 0*320% 

Working phase angle of phase A 

=+ 0*725 - 0*128 + 0*373 =+0*970% 

Phase B. 

Referring to Fig. 16, the burden currents are I BC and — I AB> 
corresponding to 

35/v^3 or 20*2 VA; current lagging V B by 15° 
and 30/V3 or 17*3 VA; current lagging V B by 50° 

• From the points N and Q in Fig. 17 we have:— 

Ratio-error change due to I BC 

• = -1-3 X 20-2/50 = -0-525% 


The burden currents (Fig. 16) are I CA and —I BC > corresponding 


to 

and 


25/^3 or 14*4 VA, current lagging V c by 45° 
35/<\/3 or 20*2 VA, current lagging V c by 75° 


From the points P and R in Fig. 17 we have:— 

Ratio-error change due to I CA 

= -1*03 x 14*4/50 = -0*295% 

„ Phase-angle change due to I CA 

= + 0*81 X 14*4/50 = + 0*233% 
and * 

Ratio-error change due to — I BC 

= -0*48 X 20*2/50 = -0*195% 

Phase-angle change due to — I BC 

%= + 1*22 x 20*2/50 = + 0*492% 

Summing, the total errors for phase C are:— 

Working ratio error of phase C 
*' =+0*7- 0*295-0*195 =+ 0*210% 

Working phase angle of phase C 

> - + 0*755 + 0*233 + 0*492 - + 1 *480% 

Having now ascertained the working phase-neutral errors for 
each leg of the transformer, the phase-phase errors are worked 
out by substituting the phase-neutral errors in expressions 
(1) and (2), remembering that in these formulae A represents 
the leading and B the lagging phase. 

We have:— 

Ratio error of phase AB * 

= 0*5(0*320 — 0• 053) + 0*289(0• 970 — 0*678) - +0*22% 
Phase angle of phase* AB 

= 0 • 5(0 * 970+0 • 678)+0 • 289(—0•053—0* 320) = +0*716% 
= + 25 min 

Ratio error of phase BC 

= 0*5(-0*053 +0*210)+0*289(0*678-l*480) = - 0*15% 
Phase angle of phase BC 

= 0 • 5(0 • 678+1 * 480)+0 *289(0 •210+0 * 053) = +1 *155% 

= + 40 min 

Ratio error of phase CA 

=5 0• 5(0*210+0*320)+0*289(1 *480—0*970) = +0*413% 
Phase angle of phase CA 

= 0*5(l*480+0*970)+0*289(0*320-0*210)= +1*26% 
s= + 43 min 


Phase-anglS change due to I BC 

= +0 19 X 20*2/50 = + 0*077% 


Ratio-error change due to — I AB 

,= - 0*95 X 17*3/50 


-0*329% 


Phas^-angle change due to Iab • 

= + 0*89 X 17*3/50 = + 0*310% 


Method 2.— Simple Method of Determining the Working Errors 
of a 3-phase Voltage Transformer, using Special Test Results. 
an( l It is hoped that the following method will be found easier in 

principle and operation than the one already described, inasmuch 
as no vector analysis is needed and no 3-phase calculations are 
involved. Lest the fact that “special” tests are required should 
militate against the general use of the method, it should at once 
be explained that these are merely ordinary ratio and phase-angle 
...... _ , _ „ .. ...... ».' ■ : • • . V teste carried out with normal apparatus and burdens, the only 

.The total errors of phase B are found, as before, by summing difference being in the connection of the burden. There is no 
*“ e 2 ero,burden errors and the error changes worked out above, re ason, in fact, why manufacturers should not furnish, when re- 

l,e * % quested, test results such as are used in this method instead of the 

Working gitio error of phase B usual phase-neutral figures. 

* 8=8 + Q'8 — 0*525 — 0*329 = — 0*053% The principle of the method is as follows. 9 

Working phase angle of phase B Fig. 18 shows the connections of a star-star transformer withi 

« + 0*291 + 0*077 + 0*310 = + 0*678%i; a 3-phase burden. Phase AB comprises the two legs A and B r 
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Fig. 18 . —Star-star transformer with 3-phase burden. 

and it is clear that a burden on any one of the three phases AB, 
BC or CA causes current to flow in leg A, leg B, or both. 
Consequently the errors of phase AB are affected not only by 
its own burden but also by the biydens on the other two phases; 
in short, a burden on one phase affects the errors of all three 
phases. 

In order to have complete knowledge of the transformer per¬ 
formance it is therefore necessary to determine how much the 
errors of each phase vary when the-other phases are loaded. 
This may be accomplished by carrying out four ratio and phase- 
angle tests on each phase, (a) with zero burden on all three 
phases, (b) with full rated burden on the particular phase in 
question, the other phases being unloaded, (c) and (d) with full 
rated burden on each'other phase in turn, the r emaining phases 
again being unloaded. 

The total number of tests required is thus 12, compared with 
the customary 6 phase-neutral tests. The increase in the 
number of tests is no real disadvantage, however, and should 
not normally necessitate much extra time being spent in testing, 
since the same burden is used throughout and the changes in 
-connections are very simple. - 

The complete list of tests required is shown in Table 7. It 

Table 7 * 

List of Ratio and Phase-Angle Tests Needed in Method 2 


Test No. 

Tests on Phase AB 
■with ’ 

Tests on Phase BC 
with 

. Tests on Phase CA 
with 

: /+ ;: r 

Zero burden 

Zero burden 

Zero burden 


Full non-inductive 
burden on 

AB only ^ 

Full non-inductive 
burden on 
BConly 

Full non-inductive 
burden on 

CA only 


Full non-inductive 
burden on 

BC only 

Full non-inductive 
burden on 

C A only 

Full non-inductive 
burden on 

AB only 

4 

Full non-inductive 
burden on 
- • CAonly 

Full non-inductive 
burden on 

AB only 

Full non-inductive 
burden on 

BC only 


should be noted that when the transformer is to be loaded on 
two phases only, as is often the case, the number of tests needed 
is reduced to 6, and the labour in the calculations reduced by 
rather more than half. 

It will be seen that, by means of these special tests, three 
unity-power-factor characteristics are obtained for each phase. 
Taking any one phase, the changes in error of that phase due 
|o the three burdens, may be determined separately by means of 
die M. and G. diagram. The total error of that phase is then 
found by adding the zero-burden error to the sum of the three 
. error changes. * . 

pie of Method. 


actually constructed at the author’s works ahd tested to verify 
the method. ' * 

Table 8 gives the four sets of ratio and phase-angle errors for 
Table 8 

Test Results on Phase AB of 3-phase Voltage Transformer 
{These figures are used in the Example on Method 2) 


r 

Burden (non-inductive) 

Test results on Phase AB 

Ratio error 

Phase angle 

0 

- 0^053 

min 

+ 23-6 

+ 0^684 

50 VA on AB only 

- 0-760 

+ 17-0 

+ 0-493 

50 VA on BC only 

— 0-141 

+ 11-7 

+ 0-339 

50 VA on CA only 

— 0*310 

+ 32-0 

+ 0-929 


phase AB obtained from tests in accordance with Table 7. The 
unbalanced loading was as follows:— 


Phase AB 
Phase BC 
Phase CA 


22-5 VA, non-inductive 
.. 21 VA, current lagging 75° 

.. 16-5 VA, current lagging 22° 

The ratio and phase-angle errors of phase AB under these 
conditions are computed as follows. 




Effect of Burden on Phase AB. 

From Table 8 the change in ratio error for 50 VA on phase AB 
is — 0-760 + 0-053 =- 0-707%, and the change in phase 
angle is (0-493 — 0-684) ==-0-191%, 

Since the burden on this phase is non-inductive the error ;: * 
changes may be worked out by direct proportion, i.e. 

Change in ratio error = — 0-707 x 22-5/50 = — 0-318% 

Change in phase angle = -0-191 X 22-5/50 = - 0-086% ? 

;* ■: .'Vf 

. Effect of Burden on Phase BC. 

At 50 VA (non-inductive) we have:— 

Change of ratio error. = — 0-141 + 0-053 = — 0-088% f&pSl 
Change of phase angle = + 0-339 — 0-684 = — 0-345% -I 

The M. and G. diagram is shown in Fig. 19(b). From it the-iifl 
error-changes for 50 VA on Phase BC, current lagging 22°, are 

n.ino/—i:. ...j w a v . • _ c. c? *■ 

■ 


- 0-212%'ratio and - 0-285% phase angle. 

For 21 VA, therefore, the error changes are:—. 

Change of ratio error — 0-212 X 21/50 = — 0-089 % • 
Change of phase angle - 0 -285 x 21/50 = — 0-120% 






Effect of Burden on Phase CA. 

At 50 VA (non-inductive) we have:— 

Change of ratio error = — 0-310 + 0-053 = — 0-257% 
Change of phase Agle = + 0-929 — 0-684 — + 0-245 % ■+ 

The M. and G. diagram is given in Fig. 19(a). Froip this the ^ 
changes in ratio and phase angle for 50 VA, current lagging# 0 , ; 
• are + 0-17 and '+ 0-314% respectively, and the figures for 
16-5 VA at this power factor are therefore 

—'4-'6‘l7 x' 16-5/50 - + 0-056%* 

+ 0-314 X 16-5/50 - + 0-104% | 
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Fig. 19.— Mbllinger and Gewecke diagrams. 

(а) Errors due to burden on phase CA. 

(б) Errors due to burden on phase BC. 

The total working errors of phase AB are the sums of the 
zero-burden errors and the three changes worked out above, i.e. 

Workipg ratio error of phase AB 

= -0*053 — 0*318 + 0*056 T 0*089 = -0*40% 

Working phase angle of phase AB 

=*+ 0*684 — 0* 086 + 0*104-0 • 120 = + 0 * 582 % 
— + 3P min #• 

The Actual test figures obtained were — 0*394 % and + 20* 3 
min. 
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(5) APPENDICES 

(5.1) Theory of Current-Transformer Compensator 
Symbols. 

I x = primary current. 

I 2 = secondary current. 

/ 3 = current in compensator winding. 

T v T a , T b , T c = numbers of turns in primary and windings 
A, B, C. 

E 2 = total secondary e.m.f. 

E a , E b , E c = induced e.m.f.’s in windings A, B, C. 

R -{- jX = total impedance of secondary circuit, com¬ 
prising external burden, leads, and windings 
A and B. 

r + jx = total impedance of compensating circuit, com¬ 
prising compensating burden and winding C. 

Neglecting magnetization losses, I 2 and I c are in phase with 
each other and in phase opposition to I v 


For the main core 
Therefore 


h T x + h T A = 0 

h ~ ~t7 


For the compensator core 

I l T l + I 2 T b + I C T C = 0 

Therefore / c = 

T c 

•; T c • - 

_UT a -tj 

Tc - v ■ -v\ .1'. 

Now ; : E’S h( R + j^O = E^+ E^ 

, , . E'c -Ic(r + jx) ■: . • .. 

Therefore E' B =E' C A = Wr±j*> : 

/C.*«C 

For complete com{^^ the main core is zero, 

ihbnce + " • ‘ ■ • * ■. 

4 • *\ 'll 
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Therefore 


Therefore 




r+jx = y^(R+ J X) 


Substituting for I c this reduces to 


r + jx = ■ 


This expression shows that the value of the compensating 
burden is independent of current and frequency, and that its 
power factor is the same as that of the total secondary burden. 

The volt-amperes wasted in the compensating circuit may be 
arrived at as follows:— 


VA in compensating circuit 
VA in secondary circuit 


. fjfr + Jx) 
I*(R+jX) 


I 2 T c (R + JX) 


Therefore in this case * K?: 

_i 

Ampere-turns per cm op /“ * 

As the core diameters are fixed, the length of the magnetic r 
is also fixed, 

1 

Total magnetizing ampere-turns oc . * 

The total number of magnetizing ampere-turns represents 
overall error of the transformer (i.e. the vector sum of the rati ^ 
and phase-angle errors). In effect, therefore, this express* 
gives the relation between transformer error and axial length o 
core when the core diameters remain constant. Curves are given ; 
in Fig. 5 for Stalloy and Mumetal. The error was given a 
nominal value of 100 for a core length of unity. i ! 

*A formula giving the relation between the error and outside 
diameter of the core may be deduced as follows. Consider aJ 
core of length / centimetres, inside radius R and outside radius? 
xR. Let A be the total magnetizing ampere-turns lor this core. 
Then, from (5), the flux density at radius r cm is given by • •••V* 


I&R+ JX) I c T b 
_ IcT c 
hT B 

= Am P ere ’ turns m winding C 
Ampere-turns in winding B 

(5.2) Performance of Bushing-Type Current Transformers 
• Examination of the performance curves of Stalloy and Mu¬ 
metal, plotted on a logarithmic basis, gave the following approxi¬ 
mate laws for flux densities up to about 4 000 gauss sinusoidal 
50-c/s magnetization. 

For Stalloy —B oc (ampere-turns per cm)* . . . (3) 

For Mumetal —B oc (ampere-turns per cm)2 . . . (4) 

^In these expressions the ampere-turns per cm include both 
the pure magnetizing and iron-loss components. 

Talcing the general expression 

B = K x (ampere-turns per cm)" . . . . (5) 

we have, for a given number of magnetizing ampere-turns A 
through the core, 

Ampere-turns per cm at radius r = 

The flux density B r at that radius is, from (5), 




The total flux <I> in the core is given by 

r** ika” r xK 

— l\B r . dr = I r~ n .dr 

4 4 

or, for a core of given material, axial length and inside radius, 
^ 1 - 1\ 


*ccW£L-^i) . 

• V v»-i ) 


This expression may be transposed to give A in terms of <b 
and x. ■ 

, i/ x"~ 1 \~ 


Ax ^(^S~) s 


and, for a given value of total flux, 

V , 

A oc ——- 

(x" _1 — l) 1 /" ' ' ’ 

Since A represents the transfomter error, expression (10) gives 
m effect the relation between the .error and the ratio x of the 
outside to inside radius. For Stalloy (n — 5/3) 


or, for a given core. 




B r oc r~ n 


For Mumetal (n 5/4) 


(x 0 * 67 — 1)°* 6 


The curves in Fig. 4 were plotted from this expression B 
was given a nominal value of 100 for r = 1, and n was given 
ats appropriate values for Stalloy and Mumetal, 

Next consider a transformer of fixed inside and outside 
diameters but of variable length / cm. For a given total 
, ® . the flux density is mversely proportional to the axial 


. Le., ;>. •*. •*.,** 

| - ■ . 8! 5 00 7 

Transposmg (5) we have 


- ■ : m Ampere-turns per cm oc B" 


The curves in Fig. 6 are drawn from these expressions. A 
number of values of x were taken and the relative values of 4 
woriced out. The error for x = 1 -1 was given a valueiof 100 
and the others were adjusted in the same proportion, 

> (5.3) Theory of Voltage-Transformer Testing Equipment 

Symbols. * 

V t = secondary voltage of test transformer. 

secondary voltage of standard transformer, ^ 

,' r ^ ^ voltage of test and standard transformers 

%- =* component of difference voltage in phase- with 

¥ ~~ component of difference voltage in quadrature witli * 

k **■ nomina l rat io» primary to secondary, of test and standard 
transformers. * v 


* k . 




Ill 


• 9 


% — (true ratio)/(npminal ratio) of test transformer. 

K s = (true ratio)/(nominal ratio) of standard transformer. 

« = t>hase-angle error of standard transformer. 
ft = phase-angle errSr of test transformer. 
v w = 27 if 

|i jm = variable mutual inductance. 
r — slide resistance. 

R = fixed non-inductive resistance connected to potentio- 
m meter elements. 

n = ratio of difference voltage transformer, primary to 
secondary. 

Vector quantities indicated thus: V', etc. 

The potentiometer theory in Section 2 gives the errors to 
the first order of accuracy only. A more rigorous treatment is 
given below in which, the second powers of the test-transformer 
errors are taken into account. The approximations used are 
sin a = «, cos a = 1, sin ft = ft, cos ft—1 — \ft 2 . Third and 
higher powers of nr JR and tomn/R are ignored. K s is very 
nearly unity, and the second power of its difference from unity 
is negligible. 

K ~ V'(cos oc+j sin oc)/kK s 
VI = F'(cos ft + j sin ft)/kK, 

Therefore V;/V' = Kf cos ft +7 sin ft)/K,(cos oc+j sin a) 

= ~\ft 2 +jft)IK,(\ +joc) 

= 0 - hft 2 + jft)(l - joc)KJK t 
= (1 - \ft 2 +jft — joc)KJK t 
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(14) 

(15) 


(16) 


(17) 


(13) 


Current in R = V'/R 
Potentiometer voltage 


• (r — jcom)V'/R. 


At balance, 

(K - V',)ln 


(r 


(r — ja)m)nlR — 1 
= 1 


-jo>m)V;iR 

V’tlV's 

(l-W 2 +jp 


-jot)K s IK t [from (13)] 


rnfR = 1 - (A^ - \fi)IK t .... 
mnnIR = (fi “ *)KJK t = (j 8 - cd/K t . . 

From (14), 

1 - nrlR = (K s - \fi 2 )jK t 
or Kt = (K s — ij 8 2 )(l 4* wr/tf -f n 2 r 2 /R 2 ) 

~K S + nr/R + n 2 r 2 /R 2 - £fi 2 

From (15) 

^ — a =7 iST/ X comnlR 

= (AT, H- w/j^+ n 2 r 2 fR 2 — \fi 2 )a>mn{R 
Therefore fi ~ a = a>mn/R + cotnn 2 rlR 2 radian 

AT, - K s = w/i? + nh 2 IR 2 - \fi 2 
fi = tomn/R. 4* tomn 2 rlR 2 

Therefore AT, - AT, = w/* + 72 V/A 2 - w 2 m 2 n 2 /2R 2 
Since the graduation of the scales gives 

K t ~ K s = nr/R 
fi — oc ~ comn/R 
, The error of the ratio scale, from (17), is 
n 2 r 2 /R 2 — to 2 m 2 n 2 l2R 2 

and the error of the phase-angle scale, from (16), is 
c onm 2 r/R 2 

The maximum range of measurement of the apparatus is 2% 
in ratio and 100 minutes phase angle, i.e. 

K t -K s = 0*02 fi- a = 0-029 radian. 

Therefore the maximum values of the scale errors work out at 
0*04% ratio and 2 min phase angle. Most transformers have 
errors within 1 % and 30 min, and the corrections are nearly 
always negligible in consequence, since they are proportional to 
the squares of the test-transformer errors. 


DISCUSSION BEFORE THE MEASUREMENTS SECTION, 19TH NOVEMBER, 1943 

Dr. A. H. M. Arnold: The author has developed an exceedingly 
ingenious piece of apparatus in his compensated transformer, and 
the figures given in Tables 1 to 5 show that the performance of 
this type of transformer is very good indeed. . The explanation 
<ff the operation of his compensator is, however, less satisfactory . 

In the first place he confuses the issue by applying his com- current, 4 and the compensator current, I c ; for if not, the com¬ 
pensator to an ideal” transformer which would not require pensator will not improve the performance of the transformer, 

compensation, and in the second place he stresses the point that Assuming that this condition is satisfied then the number of turns 

the flux in th$ main core is reduced to zero. Now if the flux in- the windings A, B and C ensures that the primary current. 


The simplest explanation of the operation of the device as 
shown in Fig. 1 appears to me to be this. The transformer and 
compensator must be designed so that the magnetizing currents 
required by the cores may be considered as first-order small 
quantities compared to the primary current, I p , the secondary 


in the main core is reduced to zero, this core and its associated 
windings may be eliminated and we obtain a simple transformer 
with primary, secondary and tertiary windings. By a suitable 
adjustment of the burden on the tertiary, the secondary current 
may be brought into phase with the primary current and equal 
to a convenient fraction of it. In other words, this transformer 
would have zero ratio error and zero phase angle at one load 
current, burden and frequency, exactly as Mr. Hobson’s trans- 
formerTms. Yet the general performance of such a transformer 
would be poor; it appears that the main core of Mr. Hobson’s 
transformer must play a very important part in the operation 
of the transformer and it must therefore carry flux even though ; 
the anfount is small. In point of fact, the reduction of the flux ? 
in4he main core tb zero at one load point is not essential to the 
operation of the transformer, and if in the transformer shown in 
Fig. 1, R b = R c then.the flux in the main core will not be zero 
at any load or any frequency. 


secondary current and compensator current can only differ from 
each other by first-order small quantities or less. Now, 
vectorially, 

E.M.F. in winding A = I s Rb — e.m.f. in winding B 
. “ ~3i I c Rc 

(since e.m.f. in winding B necessarily equals e.m.f. in winding C) 

•' j'; - V; 7* Us •“ ^c)Rb W R# * Rc . 

, ~ a first-order small quantity. 

The magnetizing current required to produce an e.m.f. which 
is a first-order small quantity must be a second-order small 
quantity if the design condition mentioned above is satisfied. 
The ratio 4/4 and the phase &|le be two currents 

are principally determined by the value of the magnetizing cur¬ 
rent of the main core, and these errors are therefore second- 
order small quantities. Since no assumptions have* been made 
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as to frequency or load it follows that the error of the transformer 
is small at all loads and frequencies within the working range 
of the two cores. 

The author has therefore devised a transformer which has only 
second-order errors for all loads and frequencies within the 
working range at one burden. The change of error with change 
of burden would be greater than with an uncompensated trans¬ 
former using the same total amount of material, but would in 
general be less than twice as great. In order to secure the full 
advantages of this transformer it is therefore necessary that it 
should be operated at its correct burden. In this connection, 
although it is clearly possible to limit the temperature rise of 
transformer windings to 20 deg C given by the author, a much 
higher figure is often realized in present-day practice. How¬ 
ever, even if we accept the author’s figure we see that if care is 
not taken the errors may change by 12% of the uncompensated 
errors. If a compensated transformer is designed to have an 
error not exceeding 3 min when cold, then the uncompensated 
error may be of the order of 50 min and the change of error of 
the transformer due to self-heating is then 6 min. In other words, 
the phase angle of the transformer is three times as great as would 
be expected from a “cold” test. 

The author is undoubtedly right in suggesting that for ordinary 
commercial use the straight transformer will in many cases be 
found preferable. The more complicated device can be justified 
only when the desired performance cannot be obtained by a 
normal design except at prohibitive cost. He suggests that the 
principal applications will be standard precision transformers 
and low-ratio transformers, of which bushing transformers form 
a very important class. The errors of a standard precision 
transformer of normal design are very small, and although the 
errors may be reduced still further by the use of this device it is 
questionable whether that gain by itself would be sufficient to 
justify the change. The possible reduction in ampere-turns, and 
consequently in primary impedance, is often a further real advan¬ 
tage especially for step-up transformers. Capacitance- and 
leakage-reactance errors are also reduced when the ampere-turns 
are reduced. 

The most promising application of the author’s transformer 
is for bushing transformers of low ratio. These constitute a very 
difficult design problem for normal transformers. It is, however 
a matter for regret that he should find it necessary to adopt pre¬ 
magnetization, which has serious disadvantages as he himself 
points out. A greater improvement of performance may be 
obtained in a better way, devised by Mr. Ockenden, namely by 
connecting a* condenser across the terminals of a tertiary winding 
on the main core to supply the quadrature component of the 
magnetizing current. If the improvement of performance 
obtained by this device is insufficient, further improvement may 
be obtained by employing more than two cores. The general 
formula for the error of a transformer with n cores at one fre¬ 
quency is given below. 

Let e u = error of uncompensated transformer = vector sum 
of ratio errorjgnd phase-angle error 
e Q *= error of compensated transformer 
n = number of cores 

a== weight of core material in uncompensated transforine f 
weight of core material in compensated transformer 
bss geometric average value for the n cores of the ratio 

vector difference of magnetizing ampere-turns and 
.3;~ conden ser winding ampere-turns 

magnetizing ampere-turns 

'Then e c = & 2 abe u ) h ■ ' . .-'““Vv-"...v 7 


This formula shows one of the principal advantages of th 
author’s device, namely the possibility of obtaining a substantial 
improvement of performance by a moderate increase iTtS 
weight of material used. In this respect the advantages aS 
comparable with the advantages obtained by using a strinenf 
insulators instead of one large insulator. s 01 

Mr. F. E. J. Ockenden: I am inclined to dispute that the so 
called main-current transformer could ever in practice work under 
conditions of zero flux. However accurately compensated the 
transfosmer may be, the secondary current can never 8e com 
pletely in phase with the primary. Under such conditions there 
is a small balance of ampere-turns available from this transformer 
which introduces the necessary corrective effect, and injects into 
the secondary circuit the minute current required to rectify the 
phase and ratio errors. Strictly speaking, the compensate 
transformer is doing most of the work and the other, the main 
transformer, provides the compensation. But both of these 
must be reasonably good transformers to start with, or the error, 
will get out of control. 

I suggest that the theory of the transformer would be more 
easily understood and precisely similar results obtained if the 
compensator winding C were omitted and the compensating re¬ 
sistance R c placed as a shunt across the 50-turn winding B It 
then becomes apparent that the magnitude of the current through 
R„ could be adjusted to precisely its correct value by suitable 
choice of the magnitude of R c . the function of the transformer A 
remaining unchanged. This would have the further advantage 
of considerably simplifying the mechanical construction. 

hi Section 5.1, the author deals only with round quantities $ 
and not with any of the second-order factors, such as I m and It 
which are so important in current-transformer design. In* 
Section 5.2, on the performance of bushing-type current-trans¬ 
formers, the author has worked out exponents for the magnetizing 
current for Stalloy and Mumetal. To my mind, the simplest 
way of designing a current transformer is not to employ the'l 
usual curves, but to have two sets of curves prepared, one showing 
the core loss in W/lb and the other in VAr/lb. The vector re* i 
lationship between these two quantities and the total power from 
the transformer then gives in the simplest possible manner the 
ratio and phase errors of the transformer and also the effect of 
changes of design on these quantities. ^ 

Mr. S. Howarth: I am glad that the author has drawn atten¬ 
tion to the large errors which may be incurred due to inaccurate 
methods of estimating voltage-transformer errors. Most people ^ 
using three-phase transformers use approximate methods which 
are not based on any mathematical theory, and in many cases 
corrections are not even applied at a 11. In high-volta^ installa¬ 
tions, considerable sums of money are involved in unit and 
demand charges and it is important, therefore, that the errors 
of the voltage transformers at the working burden are accurately 
known. ^ & 

^ author’s statement in Section 3.1, my experience 
is that it is more usual for the manufacturers to supply only line¬ 
al" 1111 ® ratio and phase errors at two unity power-factor burdens. 

•?yf r are man y voltage transformers connected “on cir¬ 
cuit for which only this information is available, and it may not 
always be possible to remove them in order to carry out the 
special tests, referred to in the second method described*inthe 
paper. It may be possible to calculate the working-burden 
errors without these special tests, byresolving the line conditions 
mto phase conditions, applying the M. and G. diagram in the^ 
manner described in the paper and then converting back to line- 

? e re . s Y Its f° r the final figure. The calculation assumes^ 
nxed position for the neutral point at the centroid of the line 
triangle. As a matter of fact, Mr. Bryce, of the Bradford Cor- i 
poration Electricity Department, and I have been working on 
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some such calculation for some time past and the test results 
appear to agree very closely with the calculated figures, but we 
are not»yet Sure how the results would compare if the neutral 
were considerably displaced. I should like the author’s views. 

In the course of the calculations, we have developed formulae 
by means of which a rapid check can be made on the test data 
relating to any pair of lines to see if the resultant is equal to the 
data supplied for the third line. It will be agreed that the vector 
sum of the three line-to-line secondary voltages of a three-phase 
star-star voltage transformer must be zero. Secondly, the vector 
sum of any pair of lines must be equal to that of the* third line, 
but reversed in sign. Assuming the order of phase rotation to 
be A-B-C, and the line-to-line vectors AB, BC and CA, the 
percentage ratio errors are denoted by: r AB , r BC andr CA , and the 
phase errors in minutes by <^, <j> BC and <j> CA . Then the per¬ 
centage error r CA = \{r AB + r BC ) + l/40(^ c - <f> AB \ and the 
phase error in minutes <f> CA = \{<j> AB + <f> BC ) + 30 (r AB - r BC ). 

- Referring to the final figures of method (i) in Section 3.1, and 
substituting the errors of lines AB and BC in the equations, we 
obtain for line CA a ratio error of + 0-410% and a phase error 
of -1- 43 • 6 min, compared with the author’s figures of + 0 • 413 % 
ratio error and + 43 min phase error. This is close agreement 
and proves that the line vectors do sum to zero. 

It is of interest to note that we have checked the figures on 
quite a number of test certificates by the same means, and in 
several instances there were considerable discrepancies, proving 
that either the test equipment was wrong or an error had been 
made in the measurement. We consider that the use of the 
formylae will assist greatly in the detection of wrong tests or 
wrong calculations. 

>In Section 3.1, it is also mentioned that in a normal transformer 
the three legs will be of identical design, so that to a sufficiently 
close approximation their resistance and leakage reactance will 
be equal and, in consequence, the changes of error for a given 
burden at unity power factor will be the same for each leg and 
only one M. and G. diagram need be drawn for the whole trans¬ 
former. There are many transformers, perhaps of inferior de¬ 
sign, which do not give equal changes of error for a given-change 
of burden, and in these circumstances it may be incorrect to use 
only one diagram as mentioned. I would like the author to give 
an opinion as to how much discrepancy in the regulation can 
be introduced without affecting the accuracy of the calculations 
by using one diagram. 

Mr. G. A. V. Sowter: The paper is most comprehensive in its 
treatment of instrument transformers and gives information on 
the good results achieved by the author’s compensating device. 
IJis object has been to reduce errors by minimizing effects of 
loss and magnetizing ampere-turns on the ferro-magnetic core. 
Mumetal which is favourably mentioned in the paper, was intro¬ 
duced into lhstrument-transformer technique by reason of the 
low magnetizing force required to create the necessary flux. The 
author jnentions 2 000 gauss as the working flux density which 
is rarely exceeded in instrument-transformer design. Values 
greatly in excess of this are employed with Mumetal and an in¬ 
duction of 4 000 gauss is quite common in some current trans¬ 
formers. On occasion even 6 000 gauss is specified. In some 
instances R^diometal is used for these transformers, advantage 
being* t#ken of its higher saturation.induction. It should be 
mentioned that nickel-iron alloy cores for instrument trans¬ 
formers are by no means restricted to 50-c/s operation. Mu¬ 
metal cores are very satisfactory in the audio-frequency range, 
and Are commonly employed in conjunction with oxide rectifiers. 
m It is not gene^lly known that Rhometal in the form of thin 
strip spiral cores has been successfully utilized for aerial current^ 
'\W^ciaam for frequencies of 1 Mc/s and above. Mr. W.f 
Phillips designed and manufactured these transformers about 


10 years ago and their performance was quite satisfactory. 
Recently the Engineering Dept, of the B.B.C. have made further 
measurements on Rhometal for this purpose. 

The question of pre-magnetization has been raised and offers 
certain advantages. With Mumetal the maximum permeability 
occurs around B^ ax = 3 000-4 000 gauss, so that obviously the 
superposed working flux must be limited in view of the saturation 
induction of this alloy. Is it definitely established that losses are 
reduced by this method of operation? The increased permeability 
is apparent, but at first sight it appears that since the watt loss is 
proportional to B n (where B is flux density and n may be of the 
order of 2), a change of B from 0 to 500 gauss creates less loss 
than one from 3 000 to 3 500 gauss. I am not disputing that 
there may be something to be gained by pre-magnetization, but 
the reason for the advantage in connection with iron-loss errors is 
not clear. Can the author give us more information? 

The crowding of flux round the inside of cores having large 
ratios of outer to inner diameter is borne in mind when testing 
Mumetal cores in order to deduce basic properties of the alloy 
or for precision measurements. The variation of 50-c/s per¬ 
meability of Mumetal with ITis definitely less than that of silicon 
iron, but the fact that the H required for saturation of Mumetal 
is relatively small should not be overlooked. It is not clear 
from Fig. 4 or from the text what is meant by relative flux densi¬ 
ties at different diameters for fixed ampere-turns through the 
core. The permeability of Mumetal is greatly in excess of that of 
Stalloy, but Fig. 4 could be interpreted to mean that at a diameter 
2 the permeabilities are equal. 

The Arnold test gear for calibrating instrument transformers 
has been of great value for current-transformer testing, and the 
author has extended its use to cover voltage transformers. The 
equipment can also be used for grading Mumetal cores. 

Mr. A. Glynne: Fig. A shows a method, employing only 



ordinary laboratory apparatus, of reducing the errors of a current 
transformer to zero. It is simpler than that described by the 
author; does he think his compensator has any advantages over 
this method? In the Figure, A is the mainland B the com¬ 
pensating, transformer. lf Z 2 /Z x = - i t ) = T B /(T A — T B \ 

there will be no flux in A and, therefore, no errors. 

Dr. Arnold points out that, in the author’s circuit, the two 
transformers must be of comparable quality, but it may be noted 
that in the method of Fig. A transformer B can have much larger 
errors than transformer A. If a burden Z 3 be included in the 
secondary circuit of B, as shown, tte elimination of the errors in 
A is scarcely affected. Transformer B can hence be made to per¬ 
form additional duties; for example, to operate protective relays. 

A current transformer used in a “circulating-current” protective 
system has to be accmate under ^conditions bf fe 
currents of, perhaps, 20 times full load. This condition is diffi¬ 
cult to satisfy when the full-load ampere-turns are few, because 
the core tends to become saturated. If transformer B in Fig. A 
is constructed with a Stalloy core of substantial section and trans¬ 
former A with a M[umetal core, the difficulties should be overcome. 

The author has not explained how the impedance of the burden* 
in the winding C of his compensator is to bp Adjusted. ;■ An 
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ideal method is to wind a search coil on the core of A and to 
adjust the impedance Z c until a vibration galvanometer con¬ 
nected to the coil is brought to rest. By this means, the adjust¬ 
ment can be made whilst the transformer is in service, and it 
may be rechecked at any time without taking it out of circuit. 

Mr, L. B, S. Golds: The author’s method of reducing current- 
transformer errors is a most useful and timely contribution to 
current-transformer design in view of the recent rapid growth 
of short-circuit currents on high-voltage circuits; it is particularly 
applicable to metering current transformers with wound pri¬ 
maries and low ratios, e.g. 10/5. 

The author does not stress sufficiently the necessity with these 
transformers for careful matching of the burdens on the com¬ 
pensator and secondary to obtain the highest accuracy. In fact, 
the lower the ampere-turns available the more necessary is it to 
ensure close compensation at the working burden. Assuming 
there is no difficulty in incorporating the usual test windings in 
these transformers, then it is a simple matter to adjust the com¬ 
pensating burden for the leads, meters and instruments after in¬ 
stallation, using a portable current-transformer testing set, the 
whole equipment being tested thereafter with a 3-phase portable 
test equipment. 

With regard to the figures which the author has given for the 
, er 5 ors of star-connected voltage transformers, the organization 
with which I am associated usually install two single-phase trans¬ 
formers in one tank connected in open-delta to supply the voltage 
coils of 3-phase 3-wire meters, and to avoid those difficulties 
which the author envisages. 

E * Billig: Having taken some part in the development of 
v cross-magnetization, which is the special type of pre-magnetiza¬ 
tion shown in Fig. 3(c), I am interested in the author’s proposal 
to combine this with his method of compensation. ‘ Could he 
illustrate quantitatively how much of the improvement in the 
performance shown in Table 4 is due to pre-magnetization? 

The principle of pre-magnetization is relatively less effective 
with^ Mumetal as the permeability curve has a rather sharp 
maximum, and a slight variation in the amount of pre¬ 
magnetization might have the effect of reducing the effective, i.e. 
the incremental, permeability and raising the errors considerably 
above the minimum obtainable. 

: . I 1 ” 5017 of the compensated current transformer as given 

m Section 1.1 cannot be correct. If, as suggested,' the flux in 
the nrarn core is zero, that core could be made very small, and 
indeed it could be removed altogether, without affecting the 
performance. Stated differently, as there is no voltage in- 
duced in the secondary winding on the main core, that winding 
could be removed and one would be left with the compensating 
j~ one carrying two “dependent secondaries, one loaded 
TOtn the meter and the other with the compensating burden. Itis 

S Vri ^ 1 . two parallel windings the currents may be 
shifted at will and it becomes possible to make the current in the 
winding connected to the meter correspond exactly to the primary 
current in magnitude and phase. This, however, holds good for 
one particular load only. As soon as the burden is changed the 
winding on the compensator will fail to supply exactly the 
voltage required by the meter and it is then that the main core 
will have to do the rest. 


The mode of operation of the current transformer can best be 
explained by means of the vector diagram which has been drawn 
for a unity-power-factor load. The main core is excited bv 
ampere-turns which are the vectorial surt/of/n^ = jv./. + 
whilst the compensating core carrying 3 windings is excited bv 
ni B = IVj/, + N 2 l 2 l 2 r + N 2 r c /2. These excitations produce 
magnetic fluxes cj> A , <f> B and induce voltages in the windings which 
are in phase, hence the terminal voltage E = E A + E B . Using 
standard methods of current-transformer design, an equation for 
the ratio and phase error can easily be written down with the 
following result: Compensating core: operating on full primary 
ampere-turns loaded with burden 2 r. From this find the ratio 
error /. Main core: operating on full primary ampere-turns 
loaded with burden 2 rf. From this find final performance (ratio 
and phase error). Being loaded with a very small burden, the 
main core always operates at a very low density of a few gauss 
only, and therefore should have a high initial permeability. On 
inductive load, the ratio error of the compensating core f. and 
hence the effective burden on the main core, 2 zf becomes larger ’ 
hence the overall performance is not quite so good (compare 
results for unity power-factor and 0 - 8 power factor in Table 1) 
The same treatment can easily be applied where the compen¬ 
sating burden is not exactly equal to the external burden. The 
resulting errors are then made up of two components, one very 
small as described above and an additional component which 
corresponds exactly to that of an ordinary current transformer 
loaded with the excess burden, i.e. the difference between external 
and compensating burdens. This behaviour can immediately 
be verified by considering the two limiting cases of short-circuit- 
ing (1) the external burden or (2) the compensating burden. In 
both cases the current transformer will operate as an ordinary • 
current transformer loaded with the same burden r.- - 

Mr. C. F. Pizzey: In my opinion the practice of striving to 
reduce ratio errors to a few parts in 100 000, and phase-angle 
errors to tenths of a minute, shows lack of a sense of proportion. 

A current transformer is not in itself a measuring device, but 
must be used with an instrument or meter. When the transformer 
errors are reduced to the point where they are not discernible on 
tne instrument, or are less than its inherent inaccuracy, there can 
j.n reducing them further. This point may be taken 
Tvt j r of fuI1 ‘ scale diction for instruments, and 0*05% of 
tull load for meters. In general, these requirements can be met 
by current transformers of conventional design, and I consider 
that special designs, such as that described by the author, are 
only justified if they succeed where conventional design fails, 
e.g. transformers with low ampere-turns. 

Mr. J W. L. Kojranski ( communicated ): A method somewhat 
smuiar to the modification of the Arnold bridge for testing 
voltage transformers has been developed with considerable 
success (Fig. C). In this method, the secondary voltages of the two ^ 
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voltage transformers are compared through an a.c. potentio- 
: ihwr. Tne in-phase component is compared by means of a re- 
sistance potentiometer circuit, while the out-of-phase component 
is balanced by the voltage across a capacitor, fed from an auxi- 
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liary transformer connected across the secondary of the standard 

voltage transformer, through a potentiometer and series resistance 

Th® auxiliary transformer has a centre-tapped secondary and 
imposes a burden af approximately 1 VA. The phase-angle 
error of this transformer does not affect the accuracy appreciably, 
provided that its cosine is close to unity (i.e. not more than 2 or 
3 deg). The value of the potentiometer resistancentogether with 
transformer ratio is determined by the range of phase angles re¬ 
quired to be covered by the bridge. The transformer is centre 
tapped to allow for positive or negative phase angles. A large 
resistance is connected in series to bring the voltage across the 
capacitor in quadrature with the in-phase component of 
secondary voltage. The capacitor itself forms an integral part 
of the main potentiometer circuit. The idea of using a capacitor 
instead of a mutual inductance in a.c. potentiometer circuits 
appears uncommon in spite of its many advantages. Besides 
low cost and simplicity, a linear law is obtained and consequently 
, the phase-angle error scale is uniform. 

A resistance of the same value as the main potentiometer is 
connected across the tested transformer secondary, and a point 
away from its end is chosen to be connected through the vibra¬ 
tion galvanometer to the main potentiometer slider. This ar¬ 
rangement dispenses with the need for changing over the standard 
and tested transformers in the event of the tested transformer 
having a positive ratio error. As the burden imposed on the 
standard transformer is approximately 5 VA at 0 • 9 power factor, 
which can be allowed for by calibrating the standard originally 
at this load, the change-over could not be carried out without 
putting excessive burden on the tested transformer. The total 
burden imposed on the tested transformer is 0-115VA; this 
enables tests to be carried out at 10% of secondary burden at 
0-2 powe/ factor on 50-VA voltage transformers as required 
in B.S. 81: 1936. This has not been possible with certain 
types of testing gear. With the various components adjusted to 
give a range of ±2-5% ratio error and ± 28 min phase-angle 
error a sensitivity greater than 0-005% and 0-2min can be 
obtained. 

Mr. H. S. Petch ( communicated ): It appears from Fig. 14 
that in adapting the Arnold current-transformer testing set, the 
author is in fact employing only the mutual inductance and 
low-variable-resistance parts of that apparatus. As these are 
probably costly components, it is clearly reasonable to avoid the 
duplication resulting from the provision of separate testing 
apparatus for voltage transformers. 

Having produced a relatively simple arrangement for testing 
current transformers (British Patent No. 527143) which avoids 
The use* of a mutual inductance, we considered the obvious possi¬ 
bility of extending its use for testing voltage transformers. It 
was concluded, however, that the complication was not justified, 
and a sepafate set was developed, arranged however to make use 
of the same vibration galvanometer as in the current-transformer 
set. This apparatus (British Patent No. 543748) has certain 
advantages over that described by the author. It can, for 
example, be used to compare voltage transformers whose nominal 
ratios differ, as there are a number of standard voltage trans¬ 
formers still in existence in which the secondary voltage is 100. 

The elimination of the mutual inductance is of real benefit, as 
the ^gparatus can then be made free from the effects of stray 
fields and can be made portable. With a portable set it is 
usually not difficult to test both current and voltage trans¬ 
formers on site with their actual working burdens, thus avoiding 
the^calculations of Section 3, with their serious risk of errors in 
the hands of people to whom they are only a necessary nuisance. 


In developing the testing sets mentioned above, it was ob¬ 
served, and may be worth emphasizing, that the vibration gal¬ 
vanometer is an unusual instrument in that it produces a back 
e.m.f., and that to obtain the maximum sensitivity of the instru- 
ment the impedance of the circuit feeding it must be nearly 
matched to that of the galvanometer. It is therefore an advantage 
to employ a type of circuit in which the galvanometer is supplied 
from a transformer winding, as the number of turns can then be 
adjusted to the best value. 

Mr. H. D. Hawkes ( communicated ): Methods of testing current 
and voltage transformers by the comparison method against 
standard transformers, such as the Arnold and Petch-EUiott, in¬ 
variably employ vibration galvanometers as “out-of-balance 
detectors. ’ ’ These galvanometers are tuned to fundamental fre¬ 
quency and give detection of the fundamental “out-of-balance” 
only. Under conditions of test which take no account of the 
harmonic content of the difference voltage or current of the two 
transformers, it appears somewhat bizarre to quote errors to an 
accuracy of 1 part in 100 000, even when tested on a “circuit 

of wave shape approximating closely to a sine wave.” 

The author has undoubtedly introduced a device which will 
greatly extend the scope of low-ampere-turn transformers, and it 
would be of great interest to know if the production of, say, 10 
or 20-ampere-turn transformers of 5 or 40-VA burden. Class B, 
is a commercial possibility. With regard to the compensation of 
high-ampere-turn Mumetal current transformers, I am of the 
opinion that this is unnecessary. 

The main purpose of the standard current transformer is for 
use with a standard wattmeter, on which the greatest accuracy of 
measurement is limited to 0-05% of nominal VA. This corre¬ 
sponds to an error of 5 parts in 1 000 at 1/10 load, or approxi-" 
mately 3-5 min at a power factor of 0-2. A transformer which 
will produce no apparent error when used with this highest class 
of instrument, can readily be designed without compensation. 

Mr. O. Howarth ( communicated ’): In Section 3.1 the author 
says that manufacturers usually give the errors of each phase 
to neutral of a 3-phase voltage transformer. Most of these 
transformers do not have their primary neutral brought out. Do 
manufacturers usually make their tests before the transformers 
are finished off? 

Has the author evidence for his statement that the neutral dis¬ 
placement caused by unbalanced burdens is so small, as to have», 
no appreciable effect on the errors? My experience indicates 
that the characteristics of voltage transformers vary very much 
with the primary voltage and that what is true of one voltage is 
not necessarily true of some other voltage, owing, presumably, 
to the resistance of the primary winding being influenced by the 
minimum size of wire which itself is partly determined by 
mechanical considerations. 

The author’s method of determining the working errors of a 
3-phase voltage transformer is interesting, but I would like to 
see proof of its legitimacy for various designs and voltages. He 
appears to assume that the conditions of loading on one leg do 
not appreciably affect the errors on either of the other two legs. 
On this assumption one would not expect phase rotation to 
affect the errors at zero or a balanced burden, but it does on 
some 3-phase voltage transformers. My view is that the simplest 
way of determining the errors at the working burden is to test at 
that burden, if known, as it usually is. It is our practice to test 
at zero, working and 100- or 200-VA burdens. Our voltage 
transformers for metering are invariably single phase, these being 
a cleaner job. Two are frequently mounted in the same tank 
which has three h.v. terminals. 
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THE AUTHOR’S REPLY 

Nfr. A. Hobson (in reply): It is interesting that three experts on 
current transformers. Dr. Arnold, Mr. Ockenden, and Dr. Billig, 
have each offered “simplest” explanations of the operation of my 
compensator, and that all three differ. I think the old method 
I followed of describing an ideal case first and then discussing 
the deviations due to practical conditions, makes its operation 
easier to understand. The function of the main transformer is, 

I think, clear from the text, since winding A fixes, substantially, 
the current in B, while C has to take the “left-over” ampere-turns 
on the auxiliary core. Dr. Arnold’s point that the reduction of 
flux to zero is not essential, is explained in Section 1.3, and the 
fact that is equal to R c does not quite give zero flux is in¬ 
dicated in Section 1.2. 

Regarding temperature rise, the change in error of a com¬ 
pensated transformer is about the same as for the uncompensated 
one. It would not, of course, be right for a manufacturer to 
supply a transformer as being Class AL, if its natural error were 
about 50 minutes, without informing the customer of the fact 
Standard precision transformers with over 500 ampere-turns may 
be compensated with only a little extra Mumetal or Stalloy. 
Coupling this with the advantage of reduced ampere-turns, and 
recent commercial experience, I see a much greater application 
tor compensation in this direction than does Dr. Arnold. 

T . ^ j 1111 L 0t , in tbe ^ east contrite about using pre-magnetization. 

Its drawbacks, used by itself, do outweigh its advantages, but i 
applied to the main core of my compensator, which carries very i 
little working flux, I consider it may prove quite useful. Mr. 
Ockenden s condenser device would be of little value on low-ratio t 
bushing transformers owing to the large capacitance needed, but 
it certainly works well on precision transformers. t 

In reply to Mr. Ockenden, I am sure that the flux in the main 1 
core can be reduced to zero for one value of burden, load current i 

and frequency. I do not see how the main transformer can be f 
considered to inject a small current into the secondary circuit 
since it supplies all the current. A more elaborate theory of the f 
compensator could easily be worked out, but practical conditions t 
do not justify it. Using the simple theory given in Section 1.1, C 
errors are reduced to a few per cent of their former values. To r 
secure any further benefit would need a very great deal of extra t 

"wh£ i natU l 8 m desigQ of a compensating impedance r 
which would probably have enough inherent errors to vitiate the 
wnoie procedure. 

a ^m^e-phase transformer showed error changes of, say, h 
*° and 7 mm utes °n two different legs for the same burden, using p 
onjy one M. and G. diagram would introduce errors of about 3 
3 minutes m the final calculations. . 

Pre-magnetization does reduce the loss ampere-turns; the exact L 
reason for this still awaits elucidation. I do not think that any- is 

°“** ven . re “°^y acquainted with the properties of Mumetal I 
would misread Fig. 4 as Mr. Sowter suggests. 

Mr. Glynne’s method of compensation is an obvious develop- tl 

l^w. my T?’ and i ias been suggested by Mr. Ockenden. It w 
used by my firm for some time, and the impedance Z 2 is 
used to operate relays. The burden Z 3 , is thus redundant, and H 
moreover increases the errors of the compensator. In practire w 
my original connection in usually preferable, because the ratio of m 
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turns in B and C may be chosen so that the relay harden nm 
vides just the right compensation. ^ 

Mr. Glynne’s idea of a search coil on the main core is a verv 
good one, although I think a small rectifier-voltmeter could h<» 
used in place qf the galvanometer. As Mr. Golds assumes it is 
quite simple to fit test windings on compensated transformers 
but I think Mr. Glynne’s idea is easier than using a DortahV 
current-transformer testing equipment. «. 

Mr. Golds is correct in saying that the use of two single-phase 
voltage-transformers is simpler when only two phases are to be 
loaded. If, however, there is a burden on all three phases the 
calculations are still more involved. ’ 

In reply to Dr. Billig, Table 3 gives the effect on my compensa¬ 
tion only. Table 4 gives the combined effect of compensation 
and pre-magnetization. In criticizing Section 1.1, Dr. Billig has 
ignored the succeeding Sections, which explain the points he 
raises. His own theory is, of course, mainly correct, but he is 
wrong in comparing the results for unity and 0-8 power factor 
m Table 1. These figures are obtained with the same com¬ 
pensation in each case. An adjustment in the power factor of 
the compensation would produce almost the same performance 
for 0-8 as for unity power factor. 

. Mr. Pizzey’s view is short-sighted, and he ignores the benefit of 
negligible errors in integrating instruments, while compensated 
standards are finding increasing use in current-transformer 
testing. 

. M f • Kojranski’s method is interesting, but it is not applicable to 
the Arnold set. f * . 

It is easy to provide a 100-volt tapping on a standard voltage 
transformer, nullifying the advantage claimed by Mr. Fetch. 
Regarding portability, I think the Arnold equipment could be 
made much smaller. Mr. Petch exaggerates the effects of stray 
fie -ru’ w ~ ich can be made negligible by simple precautions. 

The effect of harmonics on the errors of instrument trans¬ 
formers, are not nearly so great as Mr. Hawkes imagines. For 
transformer No. 1 at 5VA, the magnetizing current is about 
°‘15/4 and assuming this has a 30% third harmonic, the har¬ 
monic content of the magnetizing current is 0-05 per cent of 
the input. The effect of this on the r.m.s. value of the funda¬ 
mental is 0-05% of 0 05%, about 1 part in 4 000 000. 

In reply to Mr. O. Howarth, Mr. S. Howarth has had the 
opposite experience to mine regarding test certificates, and he 
has probably seen more than I have. Regarding neutral dis¬ 
placement, transformer theory shows that the neutral of a 3-leg 
3-phase star transformer is stabilized at the centre of (he line 
triangle, except for unequal impedance drops in the windings.' 
In a voltage transformer, the drops do not exceed 2 per cent, which 
is therefore the maximum neutral displacement to be expected. 

1 have been tmable to move the neutral appreciably in practical 
tests. I maintain that the loading on one leg hardly affects 

M ° n the other kgs- This statement does nof clash 
with Mr. Howarth s experience regarding phase rotation, which 

k probably due to unequal reluctances in the magnetic circuit. Mr. 

Howarth is fortunate in being able to test his transformers at 
working burden, which of course is the ideal solution. Most 
meter departments do not have the necessary equipment. 
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Mr. P. d’E. Stowell: Three main principles are put forward in 
this paper, namely the distributed transformer arrangement, the 
solid lower-voltage network and the policy of standardization. 
The first of these is the most important, as it accounts for the 
bulk of the improved financial results shown in Table 2. I 
should like to recommend for general adoption the term “single¬ 
unit system” instead of “distributed-transformer system” and 
“multiple-unit system” for “group-transformer system.” This 
alternative nomenclature, besides being of more general appli¬ 
cation, is also a better description of the fundamental difference 
between the two systems. 

It is surprising that the single-unit system has not been very 
much more widely adopted in the public electricity supply 
industry. The extensive use of the multiple-unit system is no 
doubt largely a continuation of a practice built up in the era 
when direct current was popular. This practice consisted in 
providing spare plant at all locations at which plant was installed. 
Thus a minimum of two units at any point was considered essential 
to provide this standby. For d.c. plant which had to be attended, 
as much grouping of the plant as possible was a wise policy because 
it reduced the number of sites to be attended. The cost of 
attending distributed d.c. plant would have been prohibitive. 

In*the base of transformer plant for a.c. supplies, continuous 
attendance is entirely unnecessary and this cost disappears. 
The total capital cost and distribution losses then assume a much 
greater importance. Moreover, in city distribution and in fact 
generally, the. lower-voltage system is invariably a complete 
network capable of interconnecting all the feeding points. It is 
thus reasonable to install single units throughout and to arrange 
that the standby facility is provided as between one unit and its 
neighbours over this network. By so doing it is ensured that 
all plant is effective in keeping losses at a minimum and guaran¬ 
teeing good voltage regulation. With the multiple-unit system 
the only useful function performed by a considerable proportion 
of the plant is the standby duty. Also the multiple-unit system 
frequently leads to a state of affairs in which the total amount of 
plant installed at any location becomes excessive. This reacts 
^ unfavourably on the amount of copper required in the lower-vol¬ 
tage network, as considerable lengths of l.v. feeder becom'e neces¬ 
sary and tjiese cannot be regarded as serving any useful purpose. 

Whereas in railway traction supply it is generally agreed that 
it is wrong to install more than one unit at any one point on the 
netwerk unless the load at that particular point is greater than 
the permissible loading of the size of unit standardized, the public 
electricity supply authorities have in general not yet reached this 
conclusion. Large multiple-unit a.c. substations are still being 
installed, and a fairly recent one that I have in mind contains 
four 1 000-kVA transformers to feed a 400-volt city network 
witfim fairly dense load. It has 15 l.v. feeders of an average 
length of 220 yd. The average length of the distributor network 
is 422 ycT. per feeder. The feeders therefore increase by 52% the 


thus dispose of 132 kW or 3*5% of the capacity of the substation. 
Assuming a reasonable load factor these losses at Grid tariff 
would cost at least £800 per annum. The capital charges on the* 
feeders add another £300. Had a suitable single-unit system 
been installed the saving in these annual costs unquestionably 
would have over-compensated any possible increase in cost of 
substation plant. Criticism of such excessively large substations 
only brought forth the argument that it is difficult enough in a 
city to obtain sites even for the minimum number of substations. 
The paper shows that such an argument is not in fact valid. 

The solid lower-voltage network proposed by the author is best 
compared with two alternatives. The opposite extreme, which 
is frequently found in practice, is a system operated in entirely 
separate sections associated with each substation or even each 
l.v. feeder. An intermediate arrangement is a network com¬ 
pletely interconnected, but through fuses.* The solid and inter¬ 
connected networks have a small economic advantage over the other 
system, on account of lower losses and better voltage regulation. 

If the criterion of reliability is examined it is found that sec- 
tionalized networks and fuse-interconnected networks have an 
apparent advantage in that the area affected by any individ ual 
fault is positively restricted. The process which brings about 
this restriction also ensures that the mains engineer is left in no 
doubt about the existence of any fault, because some consumers 
are bound to lose their supplies. The advantage is doubtful, 
however, because a solid network by burning off the faults 
could under ideal conditions clear most of them without affecting 
any consumers. In fact; the average number of consumers 
affected per fault is a good measure of reliability. For a 
sectionalized system this figure cannot very well be less than the 
average number per section, say 100; for a fuse-interconnected 
system the minimum is of die order of the average number of 
consumers between link boxes, say 20, whereas for a solid system" 
the theoretical lower unit is almost zero. There is no doubt that 
the main factor which prevents wider adoption of the solid net¬ 
work is the fear of a fault failing to bum clear and thereby 
affecting the supply to a comparatively large area. Could the 
author quote some comparative statistics for solid and sec¬ 
tionalized networks of average fault severity over a period of 
years? These statistics might be in terms of consumers, con¬ 
sumer-minutes or kWh affected per fault. 

Finally, I agree that there is much to be gained by a policy of 
standardization, provided that is it not allowed to restrict future 
development in any way. An established policy, too, is much to 
be preferred to the perhaps more usual method of considering 
jobs on their merits. This usually results sooner or later in a 
heterogeneous collection of different installations, and not 
infrequently the small initial economy of a non-standard job is 
jmorethan offset by considerably increasedexpenseincurredinalter- 
ations later. As an example of pure standardization, the method 
=;of ijs£o(g-. 't^P/'iiiv.. ,-$v^tcdhsear units coupled together, as shown in 
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length of copper that would otherwise be necessary, and the Fig. 3, is interesting. Too many engineers would prefer to use 
weight of copper added by them is just over 69%. When the a special unit having the two oil circuit-breakers on one set of bus- 
system is fully* loaded the feeder losses amount to 40 watts per bars, in order to save the cost of two oil switches. Besides using 
yard. Each feeder therefore wastes 8*8 kW, and the 15 feeders ’.standard equipment theauthors anrangeme^ t^ 

♦ Paper t»y Mr. j. w. leach (&&> Journal 1941,88, Part H, p. 525). slightly more expensive, has some subtle technical advantages, 

w£. l ■ absence of the author the paper was read on his behalf by Mr. J. * 

Whitcher. ~ See B. Wood: Journal 1.E&, 1942,89, Part n, p, 400. ' 
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DISCUSSION ON “STANDARDIZATION OF DISTRIBUTION IN DENSELY LOADED AREAS’ 


Mr. J. Eccles: It may perhaps be said that the author is for¬ 
tunate in having such a compact and heavily loaded network. 
His area of supply is 6J square miles and his maximum demand 
is of the order of 200 000 kVA. Every inch of street is occupied 
by important buildings, most of which are commercial buildings. 
By contrast, the Edinburgh undertaking covers 50 square miles 
and has less than half this maximum demand. It must therefore 
include areas to which there cannot be applied the considerations 
which the author can bring to bear upon the whole of his network. 

The main criticism I wish to offer is that the temporary loss 
of six 500-kVA transformers for a single high-voltage cable 
fault may be an unwarrantable dislocation, particularly as there 
is apparently no automatic indication as to which section of the 
cable is faulty. Time will tell whether or not this is a valid 
criticism, and particularly so as faults become more numerous 
with the ageing of the h.v. network. 

The author has adopted the unconventional practice of placing 
fuses between sections of network instead of at the points of 
supply, and I should be very interested to learn of any operating 
experience accumulated since this method was introduced. 

One saving which is likely to accrue from the author’s method 
is a reduction in distribution losses; if he has any comparable 
figures for the losses in a block of network under the old radial 
type of distribution as compared with his distributed-transformer 
sc ~S me ’ 1 sk° uI(i be ^lad if he would give them in his reply. 

Finally, I should like to see some kind of forum established 
where supply engineers could exchange information on experi¬ 
ences. A kind of clearing ho use is required where the details of 
every major experience would be available exactly as it was 
recorded at the time of the occurrence and before anyone had 
had time to theorize upon it. This, together with a record of 
the action taken and the results achieved, would, if available 
generally, be a tremendous asset to the supply industry. 

Mr. W. W. Martin: I agree with the author that standardization 
of the requirements for substation equipment will contribute 
largely to a reduction in the cost of such equipment, but I would 
suggest that only the requirements be standardized and that 
dimensions or design details should, not be specified by the 
purchaser of the equipment as this tends to retard the develop- 

that m.tm lm P™ vement ° f designs. The author suggests 
r £ MVA switchgear offers the highest value for money 

r, the , rea i 0n ^. Probably that undertakings have largely 

l ^l Z ^ 0a SI ? e and 1116 voIume of P rodu ction is thus 
gi eater than for other sizes. 

paper there are numerous references to the useful 

tlrm° f n 7Tr : - 1 shouId Uke t0 know *e significance of this ; 
th?»Jfi7 1 rr lar l y “ r f latl0n to switchgear. To manufacturers 

bfe ° f sw ! tch gear appears to be unending, no matter ; 
what improvements in design are introduced , 

I aS^fcvl' kV . f f lt values given the author, , 
I agree that 250-MVA switchgear is suitable for use where the I 

2M? Ue u ? der emergency conditions is 273 MVA, but I suggest 1 

860410113 of the main substations i 
.^paralleled the fault values on the distribution-substation 
switchgear adjacent to the main station may be excessive The i 
area under consideration is densely loaded and the distances f 
theiefore, are not great. Taking the author’s standard cable 
sizes offi-15sqm at 11 kV and 0-25sqin at 6-6kV a simnle t 

calculation will show that to reduce 273 MVA at ’ the main \ 

a substatiori^^^f^S! 
require 2 d9 miles of 11-kV cable and 1 -1 miles of 6-6-kV cable, s 
in V m,™1i t r eref0re .- SUSgeSt ^ at considerable risks are being run i; 
fanif^ 611118 at ^ main substations, since should a s 

S&tT* !f der these conditions the substation switchgear ■ , 

T^vtva . upon *?? break a fault valu e of the order of ii 
B 250 MVA, whicn is considerably in excess of its 150-MVA rating o 


>r- It appears to me, therefore, that for densely loaded areas the 
k. high-voltage distribution switchgear should have the same 
id breaking-capacity rating throughout the area, i.e. at the mafn anH 
id distribution substations. * M 

s. With regard to the low-voltage fault value given in Section 
es 1.13, I should have anticipated that it would have been greater 
-e than 25 MVA owing to the interlinking between sections of the 
is l.v. network. Taking the maxmimum block as 12 000kVA as 
c. given in Section 1.11, and assuming this to be supplied through 
is a number of 500-kVA (4% reactance) transformers having this 
e total capacity from a 150-MVA network, then, neglecting cable 
e impedance, the fault value on the low-voltage side will be 
e 100 MVA. It seems inconceivable that the impedance of a solidly 
i connected low-voltage network should be such as to reduce 
s this value to 25 MVA. It is reassuring to find, however that 

practical experience indicates that 25-MVA fuses are adequate 
l Mr. H. C. Wellden: I should be glad if the author would give 
f some information on the subject of the burning-off of faults 
; Faults emanating from cables themselves are so few in number 
that they can be practically neglected. 

1 Cable faults may arise from the following three causes: (1) 

, external damage, (2) the human element, (3) perforation of the 
l lead sheath by electrolytic action. 

A fault which is left to burn itself off may not be dealt with for 
some considerable time, and during this period the fault, or 
perhaps two faults, may periodically recur owing to moisture 
penetrating the cable ends. I can conceive of quite a long 
length of cable being damaged in this way. Can the author 
give any indication as to the average length of cable damaged 
when an open-circuit is eventually found? 

There is also the question of faults occurring in cables drawn 
into ducts. If the fault gets back to a joint, where bituminous 
compound is present, an explosive mixture is almost sure to be 
formed, with disastrous consequences. 

Mr. W. Easton: I have had some personal experience of the 
network under discussion, and 1 was much impressed by its 
straightforward layout. Over-elaboration of protective gear 
had been avoided and great care had evidently been taken to 
develop a design which would permit the use of standardized 
equipment of moderate capacity, thus ensuring the best possible 
value for the money expended. There is, however, a point of 
weakness in that no reverse-power relays are provided in the 
low-voltage air breakers for operation when a fault occurs on 
a high-voltage feeder. 

, Tbe fault wil1 tri P the h.v. oil circuit-breaker in the distribution 
station, but the fault will still be fed from the adjacent sections 
through the inter-section fuses and thence through the*trans- - 
formers'on the faulty feeder. These fuses will have to carry 
not only the load current on the faulted section but the fault cur- 
rent as well. It is more than likely that some of these fuses will 
ow, thus passing their load to their neighbours; causing these 
o b ow in turn, until the supply to the section is completely 
interrupted. 

Would the author give his views on the advisability of fitting 
reverse-power relays, to secure the complete isolation of the 
faulty feeder? 

^ r ‘ ^ Stevenson: It is now standard practice to<-eliminate 
the l.v. feeders by placing substations where they are required 
by the local load. I remember a meeting of the Northern 
society m the nineties when it was suggested that h.v. cables 
should, be laid alongside the l.v. distributors, and, as the load 
increased, transformers should be inserted between them. The 
suggestion caused great amusement. *. . r 

^ am surprised that standardization has not been carried out 
m connection with cable sizes. Most supply engineers now use i 
0-25 sqm where possible, whereas the author also mentions the 
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DISCUSSION ON “STANDARDIZATION OF DISTRIBUTION IN DENSELY LOADED AREAS' 


use ofQ-5andO-4*qin. His stock of cable and fittings must be 

unneoessaKly large. 

Mr. C. E. Shaw: Obvious advantages of the distributed-trans¬ 
former method are savings on account of l.v. copper and trans¬ 
mission losses, and also (if my deductions are correct) savings in 
respect of substation buildings and sites. While the ethics of the 
latter method of effecting savings may be open to a little criticism 
such savings would form a considerable factor in the scheme 
outliaed by the author. 

‘fflwse of us who have experienced the difficulties and delays 
involved in obtaining substation sites in congested urban areas 
will be inclined to welcome such a comparatively easy alternative 
and one is bound to agree that future developments in demand for 
electricity supply will necessitate the increasing use of trans- 
formers on consumers’ premises. 

Itis suggested, however, with regard to this policy, that methods 
should be explored whereby security of tenure may be guaranteed. 

The savings on account of substation equipment are not so 
obvious. For instance, six 500-kVA transformers would cost 
more to supply, install and maintain than three 1000-kVA trans¬ 
formers, and the minimum number of high-voltage panels 
required in the two cases would be 18 and 5 respectively. 

I am aware that costs have been reduced by simplification of 
protective gear and the use of on-load isolators in place of feeder 


circuit-breakers, but of course similar^ curtaiWof facffities iXiZ damage or human errors, but I agree that an 
could be applied to a group substation. ,. ^ emwlu< * dld not involve pilots or extra switchgear 


could be applied to a group substation. 

* The figure of £750 mentioned by the author seems a low cost in 
respect of a 500-kVA transformer with associated h.v. and 1 v 
switchgear, and segregated costs of the components included 
would be of interest. Is it the custom to close isolators on to 
a possibly faulty cable? In one make of isolator which is sup¬ 
plied for use with 150-MVA switchgear, it has been found that to 
close on a concentration exceeding 30 MVA would be physically 
impossible to the average man 
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was written I have had additional experience which may be of 
interest, concerning a l.v. system laid direct about IS - years ago, 
in which weakness permitted ingress of moisture. Deterioration 
wa ? IT accelerated by heavy air-raid damage and flooding, 
and -6 failures in the cable joints have occurred in this section 
since September, 1940. The boxes have failed mostly at services, 
but also on the distributor, and in every case the fault has burned 
clear without any disturbance of supplies to other consumers. 
This number of faults is, of course, exceptional and it is hardly 
necessary to add that the particular section of the network is 
being reconditioned. 

In reply to Mr. Eccles, some parts of the area are by no means 

ic ^A l0aded as others - Table 1 shows ah area density of 
16 000 kVA per square mile, yet the system operates equally well 
and shows all the advantages in practice. In making plans for 
the future it should always be borne in mind that the demand for 
electricity is steadily increasing. 

There is no automatic indication of the position of possible 
faults on the h.v. distributor. Such a fault is rare in practice 
even then it is likely to be an earth fault, which does not 
interrupt the standby supply from the adjacent l.v. net¬ 
works. As Mr. Wellden points out, the position of cable 
faults is generally known from the start because they usually arise 
from mechanical damage or human errors, but I agree that an 
indication SVStem whirVi Hi H a ... 


would be an advantage when breakdowns do occur. The 
practice of installing fuses in the Lv. network at points of no load 
is undoubtedly sound; the only operating experience required is 
the time taken to discover which fuses are affected after a dis¬ 
turbance, but, as the fuses are at points of negligible normal load, * 
delay k of minor importance in this matter. I have no com¬ 
parable readings of efficiency in terms of units purchased and 
units sold in a distributed-transformer area and a grouped- 
transformer area; such observations as I have been able to make 


The ofprottcttaiS* fe auto app^ to S StTSS — 

rely unduly on Ihe immunity from breakdown associate with ,m“ bu‘ do S ^ s ^ttS?^ f0n ”;, ai ™ ,!8e ' 

ZtS ? 

order to supply the peak load and clear the fault simultaneously, they are operating and at the same time provide valuabl^data 
seems unlikely that such a standby arrangement would succeed, upon which to base improvements of designs generally Thf> 
espmally at peak-load time, when faults usually occur. most important feature tf suS SordsTSt ffiev^hould^ 

, imping off faults seems an easy method of getting rid of made as soon as possible after the occurrence and that all the 

whit P'u 1S * hlS the ® nd of ^ troub,e? If not, relevant facts should be given, unsullied by theories and explana 

what is the method of keeping track of affected cables, since tions of the cause expiana- 

?^- may !°t£ U A aDd u Urn :? ff Wi . th0ut 016 knowled 8 e of the I .agree with Mr. Martin’s view that the supply undertaking 
n2 S rt, ff i* Are such incidents simply allowed to accumulate? should standardize requirements rather than plant designs This 
ft ^ dlsad vantages, fuses would bo-useful in giving is what I have endeavoured to do, leaving a free choice inselectine 

mTJ W Cf and f? 8 ??*° f r a u ty cables ‘ . , those t H>es of P lant ^ best fill the requirements in the least 
alrradATn ^ u replyy - Ma ny of the points raised have space. Having by design of the distribution system stabilized 
deah with m my published reply to the general > the switchgear duty, one expects a life of the order of the conven- 
JHF ^ 5 es ‘" ct !° ns on P aper and space determine that tional 25 years. I agree that it may in fact be longer The 

of-switchgear ratings :.was' dealt with in ft? <**££ 

■■ "T‘ d E, Stowell has evidently given this matter of distribution discussion. The many factors mentioned in Section 1.13 of the 
^s™*..senous consideration, and I note with IntoPest'.Jbiisclose 

-ontmnation of the system described. The overall cost of the ences tend to confirm that the network im p«w» ^ practice is 
^ouped-transformer system, or, as he prefers to call it, the far from negligible and that the short-circuit brought in throueh 
rouiuple-timt system, is more than that of the single-unit system the interconnected network is about equivalent to that coming 
s exemplified m Table 2. direct from the h.v. system through an individual transformer 

. a sympathize with him in regard to the lack of statistics on chamber. It is also of interest to.mention that tests which were 
amts—so many engineers prefer to avoid publicity. This is made on a resistance model to scale of a well-developed section ' 
ratural, but ltwould be to the ultimate advantage of all engineers • of the network were in agreement with this, and the value of. 
o exchange information on these matters. Since this paper 25 000 kVA is assumed as one not generally i think -V 
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Mr* Martin would agree that to provide at the fault a current 
equivalent-to 100 MVA at 400/230 volts is a matter of some 
difficulty requiring special measures, even in a short-circuit 
testing station. 

In reply to Mr. Wellden I would say that unless the fault kVA 
are very much restricted the extent of cable damage is purely 
local and there is no loss of cable such as he fears. • On the other 
hand, on a network which was fused in the conventional manner 
(not yet converted to standard) we have recently experienced 
a fault which damaged some 30 yd of cable. The fault appeared 
to be an intermittent one of the nature suggested by Mr. Wellden; 
it blew certain of the fuses on the direct feed, but left others to 
supply the fault through such a length of cable that the fault 
was insufficient to blow the fuses. We have not experienced 
extensive electrolytic action on the a.c. system, but I think the 
possibility of such action where a.c. and d.c. systems are laid 
together is a strong argument for eliminating d.c. systems, where 
alternating current is available. 

I am glad that Mr. Easton confirms the simplicity of the 
system described in the paper and speaks so well of his experience 
with it. With regard to reverse-power relays, theoretically this 
would* be a correct application but such relays have in the past 
tended to be unreliable. They introduce further complications 
in the transformer-chamber equipment and also require provision 
for auxiliary tripping. 


Mr. Stevenson suggests that the number "of sizes shown in 
Figs. 7 and 8 is excessive. This is quite true. For alA new r work 
we have standardized on 0-3-sq in l.v. cables; the diagrams are 
of networks developed over a number of years, before standards 
zation had been fully adopted. Where existing cables are not too 
small they are retained. 

Replying to Mr. Shaw, where transformers are installed by the 
supply undertaking rather than by the consumer, the space and 
cost to the consumer is less, since a minimum of equipment is 
installed ahd standby is provided from the l.v. network The 
consumer usually quickly realizes this and is only too willing to 
co-operate. There need be no anxiety regarding security of 
tenure, for as long as the premises require electricity the trans¬ 
former must stay. If a supply is not required then the transformer 
is not wanted and can be removed: this, however, is a most 
infrequent occurrence. 

The figure of £750 (pre-war) is correct, and I can furnish 
Mr. Shaw with the details. The ring-main isolators on the 
equipment used have been tested to make 150 MVA with hand 
operation. It is not the custom to close isolators on to a known 
fault, but they have on more than one occasion been closed 
without mishap on to earthed feeders by operators’ mis¬ 
takes. 

I have already dealt with the subject of the burning-off of 
faults: I would not incur the cost of using fuses as indicators; 
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INSTALLATIONS SECTION 

20th Meeting of the Installations Section, 

9th December, 1943 

Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.), Chairman of the 
Section, took the chair at 5.30 p.m. . 

The minutes of the meeting held on the 11th November, 1943, 
were taken as read and were confirmed. * 

A paper by Messrs. W. Fordham Cooper, B.Sc.(Eng.), and 
-F. H. Mann, Members, entitled “Industrial Fire Risks,” was read 
and discussed. 

A vote of thanks to the authors, moved by the Chairman, was 
carried with acclamation, . - 

21st Meeting of the Installations Section, 
lOni February, 1944 

- Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng,), Chairman of the 
Section, took the chair at 5.30 p.m. 

The minutes of the meeting heid on the 9th December, 1943 
were taken as read and were confirmed. 

_ A paper by Messrs. H. Barron, Ph D., B.Sc., J. N. Dean, 

B,S ^7 f?£F aai0t1 ’ T * R * Scott, D.F.C., B.Sc., Member, 
entitled Thermoplastic Gables,” was read and discussed. 

A vote of thanks to the authors, moved by the Chairman was 
carried with acclamation. 

MEASUREMENTS SECTION 
110th Meeting of the Measurements Section, 

21sf January, 1944 

P* Moss, Chairman of die Section, took the chair at 
5.30 p.m. - ■ 

. . The minutes of the meeting held on the I9th November 1943 
wire taken as read and were confirmed. ;* 

— 0n * a “ '#**•&**:. f Which will be found in 


The following papers by Mr. A. Glynne, M.A., Associate 
Member, were read and discussed: 

“A New Electronic Stabilizer and Regulator for D.C. Voltages” 
and The Use of a Simple A.C. Potentiometer for the Precision 
Testing of Instrument Transformers.” 

A vote of thanks to the author, moved by the Chairman, was 
carried with acclamation. 


TRANSMISSION SECTION 

56th Meeting of the Transmission Section, 

8th December, 1943 

Mr. T. R. Scott, D.F.C., B.Sc., Chairman of the Section, took 
the chair at 5.30 p.m. 

The minutes of the meeting held on the 10th November* 1943, * 
were, taken as read and were confirmed. 

A paper by Messrs. C.*0. Boyse, Member, and N. G. Simpson, 
Associate Member, entitled “The Problem of Conductor Sagging 
on Overhead Transmission Lines” was read and discussed. 

A vote of thanks to the authors, moved by the Chairman, was 
carried with acclamation. 

57th Meeting of the Transmission Section, 

9th February, 1944 

^ Scott, D.F.C., B.Sc., Chairman of the Section**took 
the chair at 5.30 p.m. . • - 

The minutes of the meeting held on the 8th December, 1943, 
were taken as read and were confirmed. * 

<t P a P er . ky Mr. B. L. Metcalf, B.Sc., Member, entitled 

Transmission and Distribution of Electricity to Mines,” was * 
read and discussed. 

A vote of thanks to the author, moved by the Chairman, was . 
carried with acclamation. ■ v 
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PROCEEDINGS OF THE SECTIONS OF THE INSTITUTION* 


INSTALLATIONS SECTION 

22nd Meeting of the Installations Section, 

9th March, 1944 

Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.), Chairman of the 
Section, took the chair at 5.30 p.m. 

The minutes of the meeting held on the 10th February, 1944, 
were taken as read and were confirmed. 

A paper by Mr. Hamlyn Drake, B.A., entitled “The Influence 
of Maintenance Requirements on the Design of Electrical 
Installation Equipment,” was read and discussed. 

A vote of thanks to the author, moved by the Chairman, was 

carriedwitft acclamation. 

* : 

MEASUREMENTS SECTION 

111th Meeting of the Measurements Section, 

18th February, 1944 

{Joint Meeting with the Transmission Section.) 

Mr. E, W. Moss, Chairman of the Section, took the chair at 
530 p.m. 

The minutes of the meeting held on the 21st January, 1944, 
were taken as read and were confirmed. * 

A paper by Messrs. L. B. S. Golds, Member, and C. L. Lip- 
man, Associate Member, entitled “A Modern -Earth-Fault 
Relay Equipment for Use on Systems protected by Petersen 
Coils,” was read and discussed. 

On the motion of the Chairman a vote of thanks, with which 
Mr. T. R. Scott associated himself on behalf of the Transmission 
Section, was accorded to the authors and was carried with 
acclamation. * 


113th Meeting of the Measurements Section, 

3 1st March, 1944 

Mr. E. W. Moss, Chairman of the Section, took the chair at 
5.30 p.m. 

The minutes of the meeting held on the 17th March, 1944, 
were taken as read and were confirmed. 

A discussion, opened by Messrs. E. Fawssett and G. F. Shotter, 
Members, took place on “The Consumer’s Supply Control Unit 
of the Future, and its Effect on the Design of the Electricity Meter.’ ? 

At the conclusion of the discussion a vote of thanks, moved 
by the Chairman, was accorded to Mr. Fawssett and Mr. Shotter 
for their introductory remarks. 

Mr. W. K. Brasher, the Secretary of The Institution, thanked 
the members who had taken part in the discussion and stated 
that their remarks would be of very great assistance to the Elec¬ 
trical Installations (Study) Committee, convened by The 
Institution on behalf of the Minister of Works, and to the 
appropriate Sub-Committees of the Codes of Practice Committee 
for the Electrical Equipment of Buildings. ' 

TRANSMISSION SECTION 
58th Meeting of the Transmission Section, 

8ih March, 1944 

Mr. T. R. Scott, D.F.C., B.Sc., Chairman of the Section, took 
the chair at 5.30 p.m. 

The minutes of the meeting held on the 9th February, 1944, 
were taken as read and were confirmed. 

A paper by Messrs. E. C. Neate, B.Sc.(Eng.), Member, and 
W. F. Bowling, Associate, entitled “Reinforced-Concrete Trans- 
mission Line Supports,” was read and discussed. 

A vote of thanks to the authors, moved by the Chairman, was 
carried with acclamation. 


112th Meeting of the Measurements Section, 

17th March, 1944 

Mr. E. W. MosS, Chairman of the Section, took the chair at 
5.30 p.m. 

The*minufes of the meeting held on the 18th February, 1944, 
were talcen as read and were confirmed. 

A paper by Mr. R. Dell, Member, entitled “Developments in 
Railway Signalling on London Transport,” was read and dis- 


A vote of thajiks to the author, moved by the Chairman, was 
i&rried with acclamation; 

* Excluding the Wireless Section, the Proceedings of which will be found in 
P ftrt I and also in Part HI of the Journal. *■ 


59ih Meeung of the Transmission Section, 

28th March, 1944 

Mr. T. R. Scott, D.F.C., B.Sc., Chairman of the Section, took 
the chair at 5.30 p.m. 

The minutes of the meeting held on the 8th March, 1944, were 
takeh as read and were confirmed. 

v- A discussion, opened by Mr. P. E. Rycroft, M.B.E., Member, 
took place on the Supply and Distribution Sections of the Report 
on “Electricity Supply, Distribution and Installation,” prepared 
by Sub-Committee No. 3 of the Post-War Planning Committee. 

J /At the conclusion of the discussion a vote of thanks, moved 
by the Chauman, was accorded to Mr. Rycroft for his intro-* 
dqcto^r^i 
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PAPER No. 1: A NEW ELECTRONIC STABILIZER AND REGULATOR FOR D.C VOLTAGES 


SUMMARY 

After reviewing the characteristics of the high-voltage supply which 
k required for use in meter testing stations established under the 
Electricity Supply (Meters) Act, 1936, the paper describes the con¬ 
struction rnd gives the theory of a stabilizer which has been 
fc®?- 1 ®?!* 1 to Provide current at a voltage so constant that it greatly 
racilitates precision measurements on voltmeters and wattmeters. 
Some other uses for the apparatus are described. 

(1) INTRODUCTION 

. y nder the Electricity Supply (Meters), Act, 1936, each meter 
testing station must be equipped with a wattmeter of approved 
design which must be checked periodically by means of a d c 
potentiometer. From time to time the Electricity Commis- 
. sioners issue regulations and advice for the help and guidance of 
those concerned. Very full and detailed instructions have been 
issued relating to the installation and useof the standard potentio¬ 
meter and its accessories, including the apparatus for the supply 
and control of the necessary currents. 

following extracts are made; with the consent of the Chief 
Meter Examiner, from a circular which has been supplied by the 
fiteAc?^ Commission to a U testing stations established under 

b f ttery should have a voltage somewhat in 
excess of the highest voltage at which instruments are to be tested 
Its capacity should be sufficient to ensure that the current sup- 

' fK t ^ he , lnS ^ rUment mdeT test > ^e voltage-dividing resistor,' 
the standard voltmeter, etc., is steady to wit hin 1 part in 10 000 

fe ^ I ™ nu 1 tes and *> witWn 1 part in 1 000 over half an hour. 

thanatatte " VOlta8 ^ Supp1 ^ may obta ined from sources other 

are complied with apd the insulation is adequate . ^ 

ft *a high-voltage battery must be installed outside the 
standardizing room. . 

The means adopted for control of voltage applied to instru¬ 
ma vK. Un ? r ^ t . mUSt be to ensure that the voltege 

p f ticular value within 1 part in 10 000, 
unlr ffi contrd must be stable for all values of voltage, and 
under ail conditions of adjustment. . 

^|fe must also be taken to avoid undue rises due to 1 discon- 
°^ any ofdlese items while others remain connected... 
The load normally supplied by the voltage supply should also 
^connected for an hour, to allow this source to attain a steSy 

The stabilizer which forms the subject of this paper has been 

SSrdiS,f° Vlde a ^titnte for the high-voltage batteryhi. 
standardizing rooms, which complies with die requirements 
quoted above and avoids many of the troubles peculiar to 
^qondary lotteries., In its present form it is the equivalent of 
* a battery wth m sterna! resistance of about 2-5 ohms whose 

? Measurements Section paper. ; t College of TedwoloSy, MWhester. 


e.m.f. can be smoothly adjusted to within 1 part in 20000 over 
a range of 80 to 600 volts. The voltage remains steady to within 
1 part in 100000 for a few minutes and to within 1 part irf 
10 000 indefinitely. Currents of more than 100 mA can be sup¬ 
plied. A much greater current output at a somewhat reduced 
degree of stability can also be obtained. 

(2) PRINCIPLE OF THE STABILIZER 
The apparatus consists of some convenient source of d.c. 
supply, to which is connected a valve stabilizing'circuit. The 
latter absorbs 100-150 volts of the input and the remainder is 
delivered in a stabilized condition. The standard voltage against 
which the output is compared by the device is provided by a dry 
battery, which is not called upon to deliver any current apd con¬ 
sequently, has a very long life. It is desirable that the d.c. input 

voltage be adjustable, but the adjustment is not at all critical. « 

(3) SOURCE OF D.C. INPUT TO THE STABILIZER 
The author uses a small, separately-excited d.c. generator 
driven by a synchronous induction motor, as his source of direct 
current. The excitation is obtained from the 110-volt d.c. mains, 
but might equally well be provided by a separate exciter or by a' 
rectifier (self-excitation would not be suitable). Alternatively, 
the direct current can be obtained'from a rectifier. In this way 
* be may be made P ortab,e and may be entirely operated from 
the 230-volt a.c. mains. A very satisfactory stabilizer has been 
constructed on these lines. If a high-voltage battery has already 
been installed in a testing laboratory it will form an excellent 
supply forthe stabilizer and the stabilized output will be available 
without the usual delay. 

(4) THE STABILIZER CIRCUIT 
The essential circuit of the stabilizer is shown in Fig. 1. ft 
consists of a valve V 1 connected in series with the load, together 
with a second valve V 2 whose function is to provide the grid of 
Vj with the correct potential to maintain the output voltage of 
the stabilizer at a nearly constant value. The grid-to-cathode 
voltage of V 2 is equal to the output voltage minus the Constant 
voltage of the bias battery, the difference being a few volts 
negative. An increase in the supply voltage produces some in- 
crease in output voltage which raises the grid potential of V 2 , 
thus increasing its anode current and making the grid of V, 
more negative. The result is, therefore, that the greater part of 
the voltage increase is absorbed by V,. An increase in Che load 
current reduces the output voltage, thus causing the grid ofV 2 
to become more negative and, consequently, the grid of V, to’w 
•become more positive. This action gives the stabilizer a good 
regulationcharacteristic. * 

No change in the effective resistance of V, can take place until. 
a change has occurred in the output voltage; therefore an increase 
or a decrease in the supply voltage is necessarily, accompanied 
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INPUT 


Fig. I 

y a corresponding, but much smaller, change in the output 

J? rll/ 

oltage. We may regard the expression^. —, where V and E 

re the input and output voltages respectively, as the figure of 
ierit of the stabilizer. 

Tests were made with a stabilizer, connected as shown in 
ig. 1, using valves PX4 and H42. The figure of merit was 
>und to be 95, and the equivalent internal resistance 5* 1 ohms, 
and E were 230 and 160 volts respectively. This means that 
the output voltage is not to fluctuate by more than 0 01 % the 
ipply must be steady to within 1 %. 

(5) AN IMPROVED CIRCUIT 
The circuit shown in Fig. 2 is an elaboration of that of Fig. 1. 


175 

of which is shown in Fig. 2. It may be noted that the performance 
improves progressively as the output voltage is raised. For 
example, when the output voltage is 300 volts and the input 
voltage is 525 volts, the output voltage is independent of fluctua¬ 
tions of input voltage. With an output of 200 volts, a change 
of 0*01% is caused by a change of 25 volts in input voltage. 
The corresponding figure for an output of 100 volts is 4 volts. 
Therefore, to attain the voltage stability required by the Elec¬ 
tricity Commissioners, it is necessary that the source from which 
the input is obtained shall not fluctuate by more than the amounts 
indicated. The author has found no difficulty in securing a d.c. 
supply which fulfils these conditions both when using a motor- 
generator set and also when using a rectifier unit. 

(6) REGULATION 

The curves in Fig. 4 show the effect of load changes on the 
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may be noted that a tetrode, MS4B, is substituted for the 
ode and that its screen voltage is supplied by a tapped resistor 
nnected across the input Voltage. An increase in the supply 
ltage therefore raises the screen voltage and consequently in- 
iases the effective resistance of the PX4 valves. This is a true 
bilizing action and accounts for the improved result that is 
tained! Fig. 3 shows the results given by a stabilizer the circuit 


INPUT VOLTAGE, VOLTS 


output voltage for different values of output voltage. The 
effective internal resistance is about 2-5 ohms~and is little affected 
by the magnitude of the output voltage. 

(7) VOLTAGE CONTROL 

Variation of the output voltage may be effected by changing 
the tapping point on the divider R t or by adjustment of the 
voltage of the bias battery. It has been found convenient to 
make use of both methods—the first for coarse and the second 
for fine regulation. The divider R 2 has a resistance of 1*5 
megohms and is connected across a 3-volt battery. The battery 
switch changes the voltage in steps of 1*5 volts. In this way it is 



Fig. 3 


and there is no tendency to drift. Since there is no current 
flowing in the controlling circuit, variable contact resistances do 
not cause any fluctuation in the output voltage. 

r power output ■/. ,■ 

The current which can be supplied by the stabilizer .js deter¬ 
mined by the type of output valve used. The author uses two 
PX4 valves, each rated to take 60 mA at 300 volts, in par allel 
Since the voltage on the output valves is normally about 150 volts 
it is thought that a greater current might safely be taken provided 
that the anode dissipation were kept below the maker’s recom¬ 
mended value'of 15 watts. \ '' 

There may be occasions when a much greater stabilizer current 
is required than can be carried by the output valves. At the cost 
of areduced degree of stability, this can be obtained by connecting 
a suitable resistor in parallel with the output valves, i.e. between 
the positive input terminal and the valve cathode. This resistor 
and/or the bias-battery voltage is then adjusted until the anode 

currents of the power valves are about half the majdrnum rahng. 
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The author’s stabilizer was loaded in this way to provide an out¬ 
put of 0 • 75 amp at 250 volts when the input voltage was 400 volts. 
It was found that a 4-volt change in the input caused a 0* 1-volt 
change in the output. This is equivalent to a figure of merit 
of 25. 

(9) ELIMINATION OF VOLTAGE RIPPLE 
Although the presence of a ripple on the voltage supplied to 
the voltage circuit of a wattmeter or to a voltmeter under test 
does not, in theory, affect the result, it can produce a blurring of 
the galvanometer spot. Whether the input voltage is obtained 
from a motor generator or from a rectifier, it may be expected 
to have a superimposed ripple of a few volts. An investigation 
with the cathode-ray oscillograph has shown that this ripple is 
almost entirely eliminated by the stabilizer. Oscillographic 
records of the ripples on the input and output voltage waves of 
the stabilizer when supplied with current from a valve rectifier 
are shown in Fig. 5. The load was 80 mA at 200 volts. It may 



be noted that the residual alternating voltage on the output is at 
a frequency of 50 c/s and therefore probably comes from the 
valve-cathode heating supply. 

(10) OTHER D.C. STABILIZERS 
, As far as the author is aware, the only apparatus which has 
been marketed as a substitute for the H.T. battery in meter 
testing stations consists of a motor-generator set in which the 
generator field is controlled by means of valves. This device 
4°es not appear to have enjoyed much success. 

The need for stabilized d.c. voltage supplies has been felt in 
yafious branches of radio work, and there are several methods 
available for providing such supplies.. Some of these were tried 
by the author, but he failed to obtain a voltage sufficiently stable 
to satisfy the requirements of the Commissioners. 

A stabilizer has been described* which in some respects re- 
™l^ ^ aiitIior s; according to the published description of 
the device, however, theostability is such that to obtain a voltage 
constant to within 1 part in 10 000 would require an input voltage 
which did not fluctuate by more than 0-2%. 

Another device for providing a steady voltage depends bn the 

||l * dmatevr Railio Handbook, 2nd ed., p. 157 . 


constant voltage-drop between the electrodes of a neon-filled 
tube.* This is about 70 volts, and the output of the apparatus 
is therefore some multiple of that value. c The author made some 
tests on this device and found that when it was supplied with a 
perfectly steady voltage the output fluctuated by more than 1 part 
in 10 000. Further, during the first half hour the output changed 
by some 1 %. Fig. 6 shows an oscillographic record of the ripple 
voltages on the input and output of the device when supplied 
from the same valve rectifier as was used to obtain the record of 
Fig. 5.' The load was 60 mA at 210 volts. 

(11) APPLICATIONS 

(11.1) General 

The stabilizer has been developed mainly for the purpose of 
standardizing wattmeters and voltmeters, but the author believes 
that it will be found useful for supplying experimental fur¬ 
naces and for work with photocells which require a light 
source of very constant candle-power. The manufacturers df 
moving-coil instruments may well find that it can provide a 
voltage for calibrating these instruments which is more constant 
and convenient than that derived from batteries. 

(11.2) Use of the Stabilizer in Standardizing the A.C. 

Potentiometer 

'Die author uses the stabilizer to provide the direct current re¬ 
quired for standardizing the a.c. potentiometer. It may be re¬ 
called that, when using the co-ordinate a.c. potentiometer, it is 
necessary first to pass a direct current of 50 mA through the “in- 
phase” slide-wire and to adjust this current to its proper* value 
by means of a standard cell. The usual practice is to use four 
2-volt accumulators to provide the current. Therefore each time®' 
the dynamometer is re-checked it is necessary to alter the setting 
of the rheostat and to wait until the current becomes constant. 
By using the stabilizer to provide the current these difficulties 
are avoided. The “in-phase” slide-wire circuit is connected in 
series with a resistance of about 2 000 ohms to the stabilizer, the 
voltage of which is adjusted until the required current is ob¬ 
tained. If a shunt which gives a voltage drop of 1 -Ol83 volts 
(the voltage of the standard cadmium cell) with a current of 
50 mA is included in the circuit the re-checking of the dynamo¬ 
meter is greatly facilitated. 

(11.3) Use of the Stabilizer in Checking the Accuracy of the 

D.C. Potentiometer 

The stabilizer provides a very convenient supply for checking 
the equality of .the resistances of the sections of the potentiometer. 
The procedure used by the author for testing a Tinsley vernier 
potentiometer will be detailed, but the method may easily be 
adapted to suit other makes of d.c. potentiometer? The Tinsley 
instrument is fitted with three dials: No. 1 reads 0*1 volt per 
division; No. 2,1 millivolt per division; and bio. 3,10 microvolts 
per division. > 

The only apparatus required,-in addition to the stabilizer, is a 
potential divider which can provide ratios of approximately 
2 000 : 1, 2 000 : 2,, etc. This may conveniently consist of a 
10 000-ohm resistor in series with two 50-ohm resistors, the first 
being tapped at every fifth ohm. The exact values are not 
important. **;■ /. 

The first part of the operation is to compare the voltage drop 
in each of the sections in dial No. 1 with that in 100 divisions 
of dial No. 2. The potential divider is set to give a ratio v of 
2 000 : 1 and is supplied with a voltage of about 200 vofts from 
the stabilizer, the output being approximately 0*1 volt. This 
output is connected to the potentiometer, which is set to read: 

p. 22??nd^933 0 Current S“PP6r System,** Marconi Review, 19 33, No. 44, 
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No. 1,1; No. 2, 0; No. 3, 50. A balance is obtained by adjust¬ 
ment of the stabilizer voltage control, and the potentiometer 
jetting4s thdh altered to: No. 1, 0; No. 2, 100; and No. 3 is ad- 
usted to balance. Tht movement of No. 3 is then a measure of 
•he difference between the voltage drop in the first section of 
So. 1 and that in 100 divisions -of No. 2. The potential- 
divider ratio is changed to 2 000 : 2 and the operation repeated 
for the second section; and so on. If the balance can be obtained 
;o the nearest stud on dial No. 3, the error in measurement 
jhould f not exceed 5 microvolts. 

The voltage of each section of dial No. 2 is compared with that 
in 100 divisions’of dial No. 3. The potentiometer is set to read: 
No. 1, 5; No. 2, 1; No. 3, 0*02; and the divider and stabilizer 
ire adjusted to balance. Dial No. 2 is then set to 0 and No. 3 


adjusted to balance. This measures the voltage in the first 
section of dial No. 2 on No. 3. The procedure is repeated for 
all sections. 

In most cases the above will be regarded as a sufficient check, 
but a further test on dial No. 3 can be made, if required, by 
comparing the drop in one section of dial No. 2, when the range- 
reducing plug is in the 0-1 position, with that in 10 sections of 
No. 3 with the plug in its normal position. 

The Electricity Supply (Meters) Act requires that the standard 
potentiometer shall not be in error by more than 0*0002 volt at 
any point; one division of dial No. 3 corresponds to 0*00001 volt. 
The stabilizer has been found to provide a voltage sufficiently 
steady to enable measurements to be made to this degree of 
precision. 


PAPER No. 2: THE USE OF A SIMPLE A.C. POTENTIOMETER FOR THE PRECISION TESTING OF 

INSTRUMENT TRANSFORMERS 


SUMMARY 

The paper opens with a description of a simple form of co-ordinate 
a.c. potentiometer which requires little power to operate and is very 
light and portable. Its application to the measurement of the ratio 
and phase errors of a voltage-transformer follows. It may also be used 
to measure the errors of current-transformers, and several methods 
are described which avoid the difficulties inherent in the more usual 
“spill current” methods. Brief notes of the construction of an oil- 
cooled, shielded resistor for 33 kV, and of two standard current- 
transformers, are given. 

(1) INTRODUCTION 

The co-ordinate form of the a.c. potentiometer is probably the 
most flexible and adaptable instrument for making measure¬ 
ments of current, voltage and power at commercial frequency. 
It can be used to measure currents ranging in magnitude from 
microamperes to thousands of amperes, voltages from millivolts 
to kilovolts, and corresponding ranges of power. High accuracy 
can be obtained by using the precision form of the instrument in 
conjunction with stabilized voltages, as described in a previous 
paper. 1 But for many purposes this degree of accuracy is un¬ 
necessary and it is possible to employ a form of potentiometer 
which is more convenient and portable than the somewhat elabo¬ 
rate equipment required for the highest accuracy. The simplified 
potentiometer can then be regarded as a sub-standard whose 
accuracy can be verified from time to time by means of the pre¬ 
cision instrument v 

Some time ago, an oil-cooled and shielded resistance voltage 
'divider was constructed with a view to the calibration of voltage 
transformers. It became necessary to find some means of 
measuring 4he difference between the secondary voltage of the 
transformer under test and that of the low-voltage section of the 
divider. Accordingly, a simple form of potentiometer was de- 
signed*and constructed, the input being taken from the secondary 
of the transformer under test, which directly measures the ratio 
error and phase angle of the transformer. 

It was found later that the same instrument could be used to 
measure, very conveniently, the ratio error and phase angle of a 
current transformer. This fact, then, is the author’s justification 
for describing the two measurements in one paper. 

(2) DESIGN OF THE SIMPLE POTENTIOMETER 

The specification to which the potentiometer was designed may 
be Stated as follows: 

* (a) A minimum of power should be required to operate it, 
because this would form a burden on a voltage transformer under 
■test.. . 


(b) The output voltage to be read directly as a percentage of 
the input. 

(c) The standard input voltage to be 110 volts at 50 c/s. 

(d) The current in the “in-phase” slide-wire to be in phase with 
the input voltage. 

(e) An accuracy of 1 %. ! 

Fig. 1 shows the circuit of the instrument as finally constructed. 


r.* iu 



Output 

Fig. 1 


The apparatus is fitted into a box measuring 10 in x 5 in x 5 in 
and is built of radio components, some of which had to be modi¬ 
fied for the purpose. The “in-phase” slide-wire “a,” and the 
“quadrature” slide-wire “b,” are each fitted with a “false” zero 
which permits a small negative reading to be observed. The 
slide-wires are 50-ohm voltage dividers mounted on porcelain 
bases, and the dials on which movements of the contacts are 
indicated are divided into 100 divisions, each of which represents 
0*01% of the input voltage. f?- 

The condenser C 2 serves to adjust the current in the slide-wire 
“a” to phase coincidence with the input voltage. The necessary 
adjustments of the resistors R# ^ R 3 and R 4 were made, once 
for all, • Mth the assistance of the precision potentiometer. It 
was found possible to arrange that the leading current taken 
the condensers should almost neutralize the magnetizing current 
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of the transformers, so that the total input current was very 
nearly in phase with the voltage. At 110 volts this current is 
about 5 mA, corresponding to a burden of approximately 0-5 VA. 

The accuracy of the instrument is about 1 %, and at 50 c/s the 
voltages on the slide-wires are in quadrature to within 15 min . 

Fig. 2 is a vector diagram which shows how quadrature between 
the slide-wire currents is obtained. 



1000 volts. The final 2 000 ohms at the earthed end is tanrwi 
to form the low-voltage section. PPed< 

A number of tests at 50 c/s have been made oh this'reskf 
and they indicate that the phase angle between the voltage on t 
low-voltage section and the terminal voltage does not exce 
0*2 min. 

The circuit used for measuring the ratio and phase angle 
a voltage transformer by means of the voltage divider is shov 
in Fig. 3b. The potentiometer forms a burden on the trar 


Fig. 2 

(3) APPLICATION OF THE POTENTIOMETER TO THE 
TESTING OF VOLTAGE TRANSFORMERS 

The ratio and phase angle of a voltage transformer may be 
measured either by comparison with a calibrated transformer 
having the same nominal ratio or by means of a voltage divider 
The first method requires the use of a sub-standard, calibrated by 
some outside authority, but the second is an “absolute” method 
because the true ratio of the voltage divider can be found bv the 
user. ^ J 

Fig. 3a gives the circuit used for measuring the ratio and phase- 



Fig. 3B 

former, the effect of which can be estimated by observing th 
changes caused by an additional burden of 0-5 VA ie a iWc 
tance of 20 000 ohms. ’ resis 

Some tests were made on a 12 000-volt transformer to show th. 
consistency of the results obtained by the method describe* 
above. In Fig. 4 the ratio and phase errors with various burden 


To source of 
high voltage Jo- 


Standard 


transformer 
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1 
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transformer 
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Fig. 3 A 


M^.e (Merence? between a transformer under test and a standard. 
The potentiometer dials are adjusted until the vibration galvano- 

* e ^ indicate the ratio "and phase- 
ange differences, the scales being, respectively, 0-01 % and 0 0001 

brate^ ^hfh^ 10 ^ T 1 * 5 standard transformer should be cali- 
b^ with the potenhometer as a burden, although it is unlikely 
that so small a burden would appreciably affect the result. 

construction of a standard high-voltage resistance voltage 
divider has been described elsewjhere* and therefore only a brief 
acpount of the apparatus used by the author need be given hie 

with < fh SIS v 3 1 ? 410 ^ aShieldres tst°r connected in parallel 

with the Tngh-vpltage supply, the former designed to take a 
current of 50 mA and the latter 20 mA. The resistors 
tai ® e d 111 a number of oil-filled, rectangular steel tanks—-2000 

the section of the mam resistor which it contains by being 
_n^ted to die. nfid^pqint of the corresponding section of the 
shield. The mam resistor, therefore, is so screened that the 
maximum voltage between any point and the containing tankis. 
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(4) CURRENT-TRANSFORMER TESTING In Fig. 6c the compensating current circulates in the secondary 

Current transformers are usually tested by comparison with a windings and is evidently equal to the “spill” current which would 
calibrated standard having the same nominal ratio as that of the be measured by Arnold’s method. In all three methods the 
transformer under tesf. One of the best known methods is the presence of stray fields affects the result very little. 

Arnold bridge, which was described 3 and discussed at a meeting If speed of calibration is of paramount importance, as when 
of the Meter and Instrument Section in 1933. The principle large numbers of identical transformers have-to be tested after 
of the bridge is shown in Fig. 5; here R is a resistor through which manufacture, direct-reading instruments for measuring the cur¬ 
rents are advantageous: but the author has found that the simple 



Fig. 5 


the difference or “spill” current passes, and the voltage drop in 
R is measured by means of a form of potentiometer. With the 
-bridge as described in Arnold’s paper, the maximum voltages, in 
phase and in quadrature, which can be thus measured are only 
2-5 millivolts. This voltage is so small that stray e.m.f.’s can 
vitiate the result, and elaborate precautions must be taken to 
avoid this. Very accurate results can be obtained when the 
apparatus is in the hands of an expert observer, working under 
favourable conditions. 

The method shown in Fig. 6 a was introduced by. Nolke 4 in 
1938. The current from the phase shifter is adjusted in magni¬ 
tude and phase until the vibration galvanometer is balanced; the 
ratio of the currents ij and i 2 mid the angle between their vectors 
are th^n measured and the errors calculated. The outstanding 
features of this method are: (a) The balance is very critical and 



potentiometer provides a convenient and sufficiently rapid method 
of current measurement when only one or two transformers have 
to be tested. The voltage drops in suitable shunts are measured 
by the potentiometer and, since it is only the ratio between the 
currents that is required, the exact value of the input voltage to 
the potentiometer is not important., It is desirable, for con¬ 
venience in the subsequent calculation of results, to arrange, that 
the phase of one of the currents should coincide with that of the 
current in the “in-phase” slide-wire. In the circuit used by the 
author (Fig. 7) the potentiometer is supplied from the secondary 



Fig. 7 


of the phase shifter and a. small amount of phase adjustment is 
provided by the divider R. Suitable switches mounted on a 
small switchboard permit the readings to be rapidly made. 

The following three observations have to be made for each * 

calibration: ; 

(i) With the switch S x in the upper position and Rj short- 
circuited, adjust the compensating current until the vibration 
galvanometer is balanced. 

(ii) With Si and S 2 in the lower positions, and the quadrature 
dial (Q) at 0, balance the galvanometer by means of the in-phase 
dial P and the phase adjuster. Note the reading (*). 

(iii) The short-circuit is removed from R t , S 2 is moved to the 
upper position and a new balance is obtained by adjustment of 
both dials. Let the reading be a + jb. If the numbers of turns 
on the secondary and tertiary windings are N x and N 2 respee- 


Fig. 6c 

is almost unaffected by stray fields, (b) There is no limit to 
the, power available for making the current measurements. 
(c) No bui&len is imposed on the transformers by the ^st cir¬ 
cuit, "and the standard can therefore; be used with zero burden, 
a condition in which it has a minimum error. r ''}:■ ' - ^ 

Figs. 6 b and 6c* show variations of Nolke’s method; in the 
arrangement of Fig. 6b the phase shifter (or “compensating ) 
current is passed through a tapped tertiary winding on the stan¬ 
dard and it is therefore possible to match the magnitude ot tne 
compensating current to the means available for its measurement. 

> The author’s attention lias b^en drawn to the 

m which the principle Of the method of Fig. £c * described. ^est^ cem»t 
Transformers,” Electrical Review, 1933, 112, p. 480. 


tively, we have 

Ratio difference = 


•*** v ^ v n 
cfi + b* N t R 2 


Phase difference = 




x X ~ radians 


Ample accuracy in the calculation of the results may be obtained 
with a slide-rule. When high-ratio current transformers are 
being tested the primary current is usually obtained from the low- 
voltage secondary winding of a transformer. The p ower factor 
of the heavy-current circuit is therefore low and it would be in¬ 
convenient to adjust the phase of the input to the potentipmetar 

















Table 


Calibration of Standard Transformer, Rjgrio 5J5 
Burden: zero f • 


Current 

Ratio error 

amp 

% 

5 

0013 4 

4 

0013 4 

3 

0013i 

2 

0-0125 

1 

0-012o 


With a view to confirming the calibration of the standard th 
relation between the ampere-turns applied to the transforme 
and the e.m.f. developed in the secondary winding was measure 
by means of the potentiometer, and the results are shown by th 
curves A and B m Fig. 9. On the assumption that the impedano 
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calculation would be still further simplified. With low-ratio 
current transformers the primary current can be kept nearly in 
phase with the supply voltage, and it may therefore be used as 
the input voltage to the potentiometer. The compensating cur¬ 
rent will then be measured as two components, one being pro¬ 
portional to the ratio error and the other to the phase angle. 

An experiment made to show the critical nature of the balance 
obtained by this method may be cited. The standard current 
transformer described later in this paper, with a ratio of 10 / 5 , was 
connected to another transformer with the same nominal ratio, 
as shown in Fig. 6b. A balance on full load was obtained by 
adjustment of the compensating current. The compensating 
ampere-turns were then increased by 0 - 01 % of the secondary 
ampere-turns, and the resulting e.m.f. in the galvanometer cir¬ 
cuit, measured on the potentiometer, was found to be 70 milli¬ 
volts. 

(5) THE STANDARD TRANSFORMER 
The methods of testing which have been discussed require 
standard transformers with the same nominal ratios as the trans¬ 
formers under test. The procedure is to construct a transformer, 
with a 5/5 ratio, whose primary winding can be rearranged 
without alteration to the errors, to provide other ratios. The 
standard used at the National Physical Laboratory and described 
in Arnold’s paper is heavy, weighing some l- 5 cwt, and it was 
decided to construct one which would be much lighter. Since 
the new standard would be used with zero burden it was hoped 
that its errors would not greatly exceed those found for the N P L 
standard. 

The core is of Mumetal, 10 cm outside diameter, 8 cm inside 
. diameter and 7*5 cm long. The secondary has 200 turns of 
7/-036 d.c.c. wire with a resistance of 0-183 ohm. The primary 
winding consists of 10 turns of a 20-core cable (No. 17 S.W.G.) 
and the 20 cores are connected to switches which admit of their 
being connected in series, series-parallel or parallel. The follow¬ 
ing ratios are available: 5/5,10/5,20/5,25/5, 50/5 and 100/5. A 
tertiary winding of 110 turns is so connected to two 11 -contact 
switches that any number of turns may be used. The weieht 
with case, is 33 lb. & ’ 

( 6 ) CALIBRATION OF THE STANDARD TRANSFORMER 
», transformer referred to in the previous Section was cali¬ 
brated °n .its 5/5 ratio by a modification of a method, described 
elsewhere, which is shown in principle in Fig. 8 . The com- 


Phase angle 


mm 

0-49 

0-54 

0-60 

0-67 

0*75 
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SfbLT ™ t ? were measured, after the galvano- 
peter had been balanced, by means of the potentiometer 
Wrespits of a recent calibration are given in the Table. They 
a '4 haVe chg ° ged by Iess 1113111 P a tt in 100 000 during 

100oS d andliT‘ M l0ad ^ ratio error is-13 parts if 
, 100 000 and the phase-angle error is 0 • 49 min. The corresDond 
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Cu"2 B and D-SKES#."with voltage. 
rv» a ana u. components of ampere-turns in quadrature with veltage. 

Fig. 9 

Sle^w ? 17 windins 13 Purely resistive, the components of 
dedu^ f,® f0r a given secondary e.m.f. can be 

S f j° m the calibration of the transformer. These are 

SmSonem rt may be noted that the in-phase 

vah f and r!h^ I th kted J n Way is 8reater than the observed 

betw e en1wi! h ? t qUadrat ^ re component is less. The difference 
. , suits given by the two methods of measuring the 

of the second^ P ar ^. ln 100000. If, however, the'impecjance' 
a bo f t ,50 ^^ wmd,ng “ assumed to have a phase afigle of 

coS^tiSS 6 ofl .° 5 ” was connected between two of thef 

fiSrioad and ** eiTOrs measured at 

load. If any of the primary current were shunted from coil 


7 







THE PRECISION TESTING OF INSTRUMENT TRANSFORMERS 


181 


to coil either by conductance or by capacitance, the errors would 
thereby be altered. (No change could be detected.) 

(b) % wlien the coils are connected in parallel, the current dis¬ 
tribution is non-unifof m and if the coils do not all produce the 
same ni.m.f. on the core, there will be an error. This point was 
investigated by comparing the transformer on its 100/5 ratio with 
another having the same ratio and open-circuiting each coil in 
turn. *(No alteration of balance could be detected.) 

♦ (7) THE SUB-STANDARD TRANSFORMER/ 

The primary standard transformer provides the more common 
ratios up to 100/5, but, since current transformers with higher 
ratios have frequently to be calibrated, a sub-standard of the in¬ 
serted primary type has been constructed. This instrument has 
a Mumetal core and is provided with a secondary, the number of 
whose turns can be selected. The secondary is wound in seven 
sections, the turns on each section being equally spaced and the 
•ends brought out to terminals on the case. The numbers of 
turns on the sections are: 100, 100, 40, 30, 20, 10 and 5; it is 
therefore possible to obtain ratios up to 1500/5. 

The transformer was calibrated in steps of 100 amp from 500/5 
to 1500/5, i.e. using a secondary winding the number of whose 
turns increased by steps of 20 from 100 to 300. A cable carrying 
a full-load current of 100 amp was threaded through the central 
hole an appropriate number of times for each test. The primary 
current was then passed through the 100/5 primary standard and 
the errors measured as described. If all turns were of the same 
resistance the errors with zero burden should be inversely pro¬ 
portional to the number of secondary turns in use. This is 
evident, because the e.m.f. per turn required to maintain a given 
secondary current is independent of the number of turns; and 
hence the cpre flux, and the ampere-turns which produce it, must 
be constant. The error is given by 

Magnetizing ampere-turns 
Secondary current x Secondary turns 

and the proposition follows. 


(9) CURRENT-TRANSFORMER CALIBRATION BY MEANS OF 
A “MIXER” RING 

G. F. Freeman 6 has described a direct method for the cali¬ 
bration of a current transformer the ratio of which is not unity. 
• The principle of the method is shown in Fig. 10. The Mumetal 



Fig. 10 


“mixer” ring is wound with a turns ratio equal to the nominal 
ratio of the transformer, and the compensating current is adjusted 
to balance the vibration galvanometer. The transformer errors 
are then gi^en by the ratio (Compensating ampere-turns)/(Am- 
pere-tupis on ring). At balance, there is no flux in the ring 
and the burden imposed on the transformer is therefore only the 
resistance of the mixer ring winding. With low-ratio trans¬ 
formers the burden is small, but if a high-ratio transformer (say 
1000/5) is tested by this method the burden is considerable, 
freeman suggests an accuracy of about 0*1%, but the authpr 
ilas been able to obtain considerably better results thto 
using a modification of his method in which the currents are 
measured oh the potentiometer. 


(10) THE COMPARISON OF FOUR-TERMINAL RESISTANCE 
STANDARDS 

A testing laboratory is usually equipped with a number of 
resistance standards, having nominal ratios of 1, 0T, 0*01 ohm, 
etc., for measuring currents by means of the d.c. potentiometer. 
These are the primary standards of the laboratory and must be 
re-checked at intervals by a standardizing authority. Occasion¬ 
ally the resistance of one of these standards may change and this 
may cause serious errors. The primary standard current trans¬ 
former provides a very convenient means of measuring the ratio 
between the a.c. resistances of the standards. This ratio may 
not be quite the same as the ratio of the d.c. resistances, but any 
change in its value gives an immediate warning of a change in the 
resistance of one of the standards. 

The method used will be explained, by detailing the procedure 
for comparing the resistances of two standard shunts whose 
nominal values are 0*1 and 0*01 ohm. The connections are as 
shown in Fig. 11. A current of 10 amp is passed through the 



Fig. 11 


0 -1-ohm shunt in series with the primary of the transformer, 
which is arranged to have a ratio of 10/5. A 0*2-ohm shunt is 
connected in the secondary circuit. The compensating current 
is adjusted to give a balance, and the currents are measured on 
the potentiometer. The 0* 01-ohm shunt is substituted for the 
0* 1-ohm, the ratio is changed to 100/5 and the measurement re¬ 
peated with a primary current of 100 amp. The difference 
between the in-phase components of the compensating ampere- 
turns in the two experiments is a measure of the percentage 
difference between the departures of the shunt resistances from 
their nominal values. The differences between the quadrature 
components is a measure of the difference between the phase 
angles of the shunts. An accuracy of 1 part in 100 000 can be 
obtained when comparing shunts of equal'nominal values; for 
example, the changes due to temperature in the resistance of a 
manganin shunt can be conveniently measured. 

It will be found that .a vibration galvanometer of considerably 
greater sensitivity than need be used for the transformer testing 
must be employed when making this measurement. 
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DISCUSSION BEFORE THE MEASUREMENTS SECTION, 21ST JANUARY, ©44 


Dr. G. F. Tagg : The first paper is another example of the appli¬ 
cation of thermionic devices in testing equipment. A com¬ 
parable degree of control of 1 in 10 000 has not even been ap¬ 
proached by any electromechanical device. 

The author says, in connection with the source of the d.c. input, 
that self-excitation would not be suitable for a d.c. machine; I 
cannot see why the machine should have to be separately excited. 

Also, he says that the only other similar apparatus of which he 
is aware is a device in which a motor-generator set is controlled 
by valves: For some years I have used circuits in which the 
field current of motor-generator sets has been controlled by 
valves, and this has given a degree of stability of 1 in 10 000 with¬ 
out much difficulty. The system has the advantage that the out¬ 
put is limited only by the output of the machine; with a 6-kW 
machine under such control any load up to 6 kW can be obtained 
at the stabilized voltage. 

The circuit of a stabilizer I use for a 200-volt machine consists 
essentially of a d.c. amplifier connected to the armature of the 
machine through a potential divider. Variations in the armature 
voltage are used to control the grid bias of the first valve of the 
amplifier, and, through the amplifier, to control the grids of a 
large bank of triode valves. These valves are in series with the 
field winding, and in effect form part of the field resistance. 

This arrangement can be regarded either as a variable re¬ 
sistance or as a source of current. The supply for the field of the 
machine was actually taken from the a.c. mains through a valve 
rectifier and smoother. With the arrangement, the output voltage 
• of the machine remains constant within 1 in 10 000 during the 
whole day when the machine is left running, and between no 
load and a load on the generator as represented by a fairly large 
motor-alternator set, since the stabilized direct current can also 
be used to drive the motor of a motor-alternator and to provide 
the field current of the alternator, thus making it possible to get 
a steady a.c. supply as well. 

The amplifier section of the equipment has two pentode ampli¬ 
fiers in the centre; the triodes are placed round them. The 
rectifier section contains the rectifying valve supplying the field 
current to the generator and the rectifying valve feeding power to 
- the d.c. amplifier. 

:I have had these sets working on generators with outputs 
varying from 200 to 600 volts, and also on loads varying up to 
about 6 kW. The dx. supidy from them has been used success- 
M die potential testing of wattmeters, voltmeters and other 
instruments. In a test run yesterday to make sure that condi¬ 
tions were absolutely steady, the machine was left running from 
8 a.m. to 5.30 p.m., and the change was less than 1 in 10 000 
during the whole of tint time. 

On reading the second paper, it occurred to me that the small 
ax* potentiometer might have a number of other useful applica¬ 
tions, particularly in the testing of materials, such as the magnetic 
properties of iron, as the high degree of accuracy obtainable with 
a precision a.c. potentiometer is not necessary, and a quick and 
reasonably accurate method of measurement is all that is re¬ 
quired. In view of this, I should appreciate a more detailed 
description of the potentiometer. 

^ the author’s first papa: could be mote 

appropriately called “The Application of an Electronic Stabilizer 
to the Testing of Electricity Meters/ 9 Fig. 1 isconventional, dating 
back at least .ten years. In the text the author does not specifi¬ 
cally claim any novelties. Much has been published on electronic 
voltage stabilisation; the classical paper being that of Hunt and 
• Hickman.* The literature shows prior publication of ah design 
• ' paints raised by the author. ;V 


In Section 4 of the first paper, the author includes the factor EjV 
in the figure of merit of die stabilizer. Ttfis factor is a function 
of the operating conditions, and not of the stabilizer as such. 
The conventional method of rating is by the stabilization ratio 
SE/SV with i constant, while the other parameter, the internal re¬ 
sistance, is SE/Si, with V constant. Has the author any reason 
for departing from this convention? ^ 

The effect of screen compensation, which the author describes 
in his improved circuit, Fig. 2, is well known, but no complete 
theoretical investigation of the circuit has apparently been 
published. The author does not give any circuit values or any 
indication of the way in which the screen-voltage potentiometer 
affects the result. [Mr. Hogg exhibited a curve just received 
from a correspondent at the Selo Physics Laboratories which 
showed the marked changes in performance of this form of cir¬ 
cuit resulting from a variation of the screen voltage.] • . 

The operation of this particular circuit depends very much on 
the valve which is used. In a 300-volt stabilizer with a 9D2 
variable-mu pentode as control valve which l once used, a very 
high degree of stabilization was obtained over a very wide range 
by extremely critical adjustment of the screen voltage, but a very 
small variation in screen voltage led to over-compensation. On 
changing to an 8D2 sharp-cut-off pentode the compensation 
almost entirely disappeared. .The mutual conductance of the 
screen to other electrodes is apparently the controlling factor. 

In nearly all practical cases, much better regulation is obtained 
if the anode resistance of the MS4B in Fig. 2 is connected Jo the 
cathode instead of to the anode of the PX4’s. The theoretical 
improvement is approximately fi times, but is slightly offset by a • 
fall in volts on the MS4B anode. * * 

Fig. 5 shows a very high residual ripple of about 2 volts; 
possibly this is due to the absence of a centre tap on the PX4 
filaments in Fig. 2. A mediocre regulator usually leaves the 
ripple about 70 db down, and a good one will easily exceed 80 db, 
which would not be visible on the curve in Fig. 5. 

The author’s short-term stability figures are very optimistic, 
unless extreme care is taken. Small variations in emission and 
in resistances produce quite large effects. „ 

Mr* A. Hobson: A potentiometer to be used for all kinds of 
voltage transformer should have aratio range of ± 2%, and about 
the same phase-angle ratio, namely ± 2% radian. Preferably it * 
should also have two ranges, to ensure good readings with the 
higher-accuracy transformers. The range of the author’s instru¬ 
ment in the second paper seems to be about 1 % in one direction 
and only about 0*1% or 0-2% in the other. It would beldifficult 
to provide a second range on this equipment because the circuit 
constants would be upset. 

I do not agree with the author on the advantages of the Nolke 
method, although it can be made more sensitive than the Arnold 
method. The main difficulty in the method is that tha phase 
difference between the primary current and the neutralizing 
current must be known fairly accurately. Tp take full avail of 
the extra sensitivity, this phasb difference must be known within 
about 5 min. This may be reasonably simple for low primary 
currents, because both currents may then be taken directly from 
the same supply, but is extremely difficult when a current«$npply 
transformer is used, the normal case in practice. 

The author has shown very great ingenuity in using his po^ 
tentiometer for testing current transformers, for which4t was not^ 
designed. It is a pity that the method has rather a limited 
practical use. Compared with Dr. Arnold’s set* it is most com* 
plicated to work; the bridge has to be balanced three times 
and then the errors worked out by slide-rule. No method of 
changing from plus ta minus errors is given. 


•Review of Scientific Instruments, 1939,10, p. 6. 
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I think the resistor R t in Fig. 7 is undesirable, especially if 
it is on the test-transformer side. The range of the potentiometer 
is abdUt 1 volt, so that R x may be about 0-2 ohm. If that is so 
the transformer cam&t be tested at less than 5-VA burden. It - 
seems preferable to put R x in the standard transformer secondary, 
which would not affect the results very much, although it would 
nullify the author’s claim that the standard was working on zero 
burden. 

Mr. S. N. Pocock: I disagree with the author’s statement that 
the effect of screen compensation is a true stabilizing action. 

. Actually the application of that compensation does not neces¬ 
sarily improve the stability, and it may move the regulation 
characteristic into the negative direction. I have obtained much 
better and more predictable results by concentrating on an im¬ 
provement of the true stabilizing action, by ensuring the maxi¬ 
mum gain from the amplifying stage and using a high-slope series 
valve. Results were very successful using a high-slope pentode 
• as an amplifier; a further advantage of the pentode is that the 
high gain can be maintained with very low anode voltages; this 
permits the control of output down to 40 volts or lower. 

I see no reason for using a separate battery for the fine control. 
A fine-control potentiometer can be added as part of the control 
network to give a constant percentage variation. 

The residual ripple of the unit may be due to a cause other 
than the heater ripple on the PX4’s. The impedance of the con¬ 
trol circuits is rather high and considerable hum pick-up can 
occur with remote control. This can be cured by a capacitance 
between the positive end of the load and the MS4B grid, and 
another capacitance across the output. It enables the ripple out¬ 
put in a typical stabilizer to be reduced to a few hundred micro-' 
volts or less. * 

The* author ignores the difficulties sometimes experienced in 
these stabilizer circuits. Instability is a common cause of 
trouble, curable by the addition of stopper resistances in grid and 
anode together with a very small capacitance between the anode 
and grid of the MS4B in severe cases. 

The author has not sufficiently emphasized the great ease of 
control possible with these units. In many applications'it is 
necessary to set the voltage output to a number of pre-selected 
values. This can be done very, simply using a number of small 
pre-set potentiometers and switching the MS4B grid to these 
potentiometers in turn. * 

Mr. H. D. Hawkes: The basis of all precision measurements is 
the standard cell and standard resistance, the former with an 
accuracy of 5 iff 100000 after 24 hours at a constant temperature, 
and the latter, depending upon its size, with an accuracy of about 
5 in 10$ 000 after a specified time on circuit. It is therefore 
most gratifying that the author has produced a device which 
remains constant to 1 in 10 000 indefinitely. A ratio measure- ■ 
ment of a few parts in a million as mentioned in Section 6 of the 
second paper is, however, optimistic, to say the least. 

In Sqption 2 of the second paper the departure from quadrature 
between the slide-wire voltages is given, but not their relation to 
the supply voltage* which iseven more important. v 

With regard to voltage-transformer testing in Section 3, I have 
always been uneasy when testing two voltage transformers of 
unlike design with a vibration galvtodmeter as a <i^tector, 
especially on light load where the exciting-current drop is com¬ 
parable to or even greater than the load-component drop. Has 
the author made tests using an aperiodic detector, such as an 
amplifier and cathode-ray tube, and noted any residual out-of- 
balance under those conditions?^ Galcffiated errom voltage- 
tjansformers alvays agree remarkably well with observed errors 
when using vibration galvanometers as detectors, because the 
harmonic effect due to the exciting current is neglected in both 
cases. In the same Section the author gives the phase angle of 


the voltage divider as 0 * 2 min; is this measurement made at high 
potential? 

In Section 4, the author deals with current-transformer testing; 
he measures the compensating current and then analyses it. It 
would seem, advisable, if this is so, for the a.c. equivalent of the 
author’s stabilizer to maintain a constant current during the 
test. The ideal difference method of measuring current-transfor¬ 
mer and voltage-transformer errors is that of Mr. Peteh, which 
was introduced in 1939, and employs the mixer ring. 

With regard to the checking of stability of standard resistances 
by a standard transformer, I should prefer that the standard 
resistances were used to check the stability of the transformer, 
for, after all, it is the standard resistance and the standard cell 
which are the basis of all precision measurements. 

Mr. G. F. Freeman (< communicated ): The author’s method of 
self-checking his standard transformer is both ingenious and 
simple, and has the merit of all differential methods of giving the 
best results on the best transformers, so long as no stray effects 
are present. 

In the mixer-ring method to which the author refers* the com¬ 
pensating turns were applied to the main transformer instead of 
the mixer ring, with some advantage in testing miniature pre¬ 
cision ring-type transformers; the ampere-turns on the mixer ring 
are normally only a fraction of those on the main transformer, so 
that the compensating currents are thus larger and easier to 
measure. I agree that my estimate of the precision is con¬ 
servative; over a five-year interval deteiminations have been 
found to repeat to within a few parts in 10 000 without difficulty. 
A nickel-iron mixer ring is, of course, far superior to one of 
silicon-iron, where the ampere-turns are relatively few. 

In the Petch method, for details of which I am indebted to 
Mr. H. D. Hawkes and which I hope to see more fully described 
in the Journal , the test is indirect, die mixer ring being energized 
by the spill current between the transformer under test and a 
standard transformer. There is, therefore, no direct comparison 
between the two methods. . 

I feel that the author has made a valuable point in calling 
attention to the use of Class AL transformers in the checking of 
standard resistors. It is, of course, a corollary to the use of 
transformer-resistors by the National Physical laboratory, but 
deserves to be more widely realized. 

The author gives no details of the use of valve amplifiers in 
extending the range of cheap vibration galvanometers. I have 
found this very convenient, providing suitable precautions are 
taken to avoid strays; a little distortion is of no consequence iff 
view of the frequency selectivity of the galvanometer, but care 
must be taken with a sensitive galvanometer to avoid switching 
transients. 

Mr. H. S. Petch {communicated ): I think the author exaggerates 
the difficulties arising from small-capacity high-voltage secondary 
batteries. I have had one which has given trouble-free service 
for five years, but pains were taken to install it carefully to avoid 
inter-cell leakage. The staffs of the smaller meter test-rooms 
are more likely to be able to cope with the vagaries of a secondary 
battery, than to readjust an electronic device following a valve 
failure, when the performance of the device appears to depend on 
individual valve characteristics. They wifi not nom 
the author's easy access to superior apparatus. 

I endorse the author’s high opinion of the simplified co¬ 
ordinate potentiometer iff Paper 2, but again few have access to 
a precision instrument for checking. In circuits involving com¬ 
parison, I think it preferable to take the potentiometer supply 
from the standard, since the burden is so small; the external 
burden on the test specimen can then be made substantially zero^ 
which is sometimes essential. 

' * * Electrical Review, 19^9,125, p. 756. 
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I think the author is a little unfair to the Arnold set. Any 
apparatus sensitive to 2*5 mV is likely to need screening from 
external fields. The use of a variable mutual inductance cer¬ 
tainly make it difficult to use this set in a portable form for site 
tests. 

On the whole, the Nolke method as used by the author appears 
to have more drawbacks than advantages. It introduces the 
complication of a double balancing operation, involving highly 
stable main and compensating supplies, which cannot be easy 
where heavy currents are concerned, especially in site tests. The 
apparatus is not direct reading, and requires skilled interpretation 
of its results. It has switch contacts in continuous use for 
carrying the secondary currents of both standard and test trans¬ 
formers. The method of connection does not allow the maxi¬ 
mum sensitivity of any normal vibration galvanometer to be 

THE AUTHOR’S REPLY TO 

Mr. A. Glynne (in reply): My object in designing the stabilizer 
described in the first paper was, first, to provide a substitute 
for the high-tension battery usually required for instrument 
testing and, secondly, to show that such a stabilizer was suitable 
for use in meter-testing rooms. Since no evidence has been 
given to indicate that apparatus of this kind is in use at any of 
the meter-testing stations established under the Electricity 
(Meters) Act 1936, the device can fairly be described as new. 

In reply to Dr. Tagg: If the stabilizer output is to be from 650 
to 100 volts, the input should be adjustable between approxi¬ 
mately 800 and 200 volts. It would be difficult to obtain a self- 
excited generator capable of supplying this wide variation of 
voltage. I agree that if much power is required a motor-generator 
set with, valve-controlled field current has advantages, but for 
the present purpose only a very limited current is needed and 
«this can be supplied by purely static apparatus. Motor- 
generator sets similar to that described by Dr. Tagg are on the 
market, but do not appear to have been employed in meter¬ 
testing rooms, and it is very doubtful whether one could be 
designed to have the smooth and precise control of voltage 
achieved by my stabilizer. 

In reply to Mr. Hogg: Fig. 1 was included to explain the 
principle. I consider that the stabilizer ratio SV/8 E gives a too 
c optimistic valuation of the stabilizer performance. The ratio 
used in the paper is (percentage voltage change in input)/(per- 
centage voltage change in output). A resistance voltage-divider, 
which has no stabilizing power, would when measured in this 
way give a figure of unity, but if measured by the method quoted 
would give a figure of merit equal to the ratio of division. The 
resistances are not very critical, nor does a change of valve affect 
the performance. The anode resistance of the MS4B is 
200 000 ohms and the screen divider ratio is 100 000/20 000. I 
connected the anode resistance as suggested, but found that stabili¬ 
zation was reduced and that the effective internal resistance was 
increased some ten times. 

In reply to Mr. Hobson: The potentiometer shown at the 
meeting was fitted with two reversing switches, as shown in 
Fig. 1, which give it ranges of ±1*3% and ± 1-3 centi- 
radians for phase angle. So far this has proved adequate.* I 
did not think it desirable to complicate the instrument by addi¬ 
tional-ranges, but the same arrangement as fitted to other 
potentiometers could be used. I do not understand how Mr. 


realized. The standard transformer is complicated by the added 
tertiary winding, which presumably adds to its size and cost, and 
to the work of routine Checking. r ^ 

The mixer-ring method referred to in r Section 9 is being 
successfully used in an improved form in testing sets covered by 
British Patents 527143 and 543748, and overcomes the difficulty 
of the burden of the winding at heavy current. This burden, 
in fact, does not exceed 01 VA on a transformer with a 
5-amp secondary, and is negligibly small on 1- or 0* 5-amp 
secondaries. 

Any method of testing voltage transformers which involves 
earthing a terminal not earthed in service is open to objection. 
Attention should also be drawn to the necessity for testing a 
3-phase voltage transformer on a 3-phase supply, although a 
single-phase standard may be used. 

THE ABOVE DISCUSSION 

Hobson arrives at his figure of 5 min. The instrument measures 
the angle between the vectors of the secondary and compensating 
currents with an accuracy of 30 min. The resulting accuracy in 
the determination of the ratio of a current transformer with an 
error of 1 % is 1 part in 10 000. I have used the equipment for 
calibrating transformers with ratios from 3 000/5 to 5/5, and did 
not have the difficulties anticipated by Mr. Hobson. He should 
note that when the first observation is made is short-circuited 
by a plug, so that the standard transformer is on zero burden. 
The change in the secondary current due to the impedance added 
by removing the plug is generally, too small to affect the result 
but, if necessary, it can be allowed for. 

In reply to Mr. Pocock: It is usual to define “stabilization” as 
the reduction in the effect of changes in input voltage on the 
output voltage, and “regulation” as the reduction of the effect of 
load changes. If the screen of the MS4B is supplied from a 
battery the stabilization (EdV/VdE) is reduced and the effective 
internal resistance is increased. Stopper resistances have been 
used in all the grid circuits from the beginning, and no trouble 
has been experienced with oscillation. 

In reply to Mr. Hawkes: The angle between the' vectors of the 
supply voltage and the current in the “in-phase” slide-wire is 
less than 15 min. I have measured the errors of voltage trans¬ 
formers: (1) using a vibration galvanometer as detector, and 
(2) using a cathode-ray tuning indicator with valve amplifier. 
The results agree to 1 or 2 parts in 10 000. It is not necessary 
to use stabilized currents when carrying out the tests described 
in Section 4, because the errors are measured directly and only 
a moderate accuracy in their measurement is required* for the 
precise determination of the transformer ratio. The modern 
vibration galvanometer is amply sensitive for all the measure¬ 
ments described in the paper; I have not found it fiecessary to 
use an amplifier as suggested by Mr. Freeman. 

In reply to Mr. Petch: I have yet to meet an engineer respon¬ 
sible for the periodical checking of standard wattmeters who 
would not welcome a satisfactory substitute for the H.T. battery. 
No circuit adjustments are required when a new valve is substi¬ 
tuted for one which has failed. The only switch (in practice, a 
plug) in the secondary circuit of the transformer in Fig. 7 is 
that which short-circuits R v Ttie tertiary winding is not es^pntial 
to the method (which may be that of Fig. 6c), but is V con¬ 
venience. The size of the core is given in the text. 
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SUMMARY thousands of kVA; such machines generate the bulk of electrical 


The paper deals mainly with the MVA rating or the power factor 
rating, and with the synchronous-reactance value of large, non-salient- 
pole synchronous generators. Essential factors for selecting these 
values are discussed and a method of making that selection is proposed. 
An analysis is made of the maimer in which the two values affect the 
operation of the generator. From a power chart based on the classical 
• circle diagram, diagrams of “working area” limitations are derived and 
represented in co-ordinates of reactive power versus active power, 
power factor versus active power and excitation current versus active 
power. These diagrams are suitable both for comparing properties 
of different generators when ordering new units, and for supervision 
of operation of generators. Problems of capacitive loads and of 
synchronous stability of generators are discussed. From a comparison 
of external characteristics of an isolated generator, with different load 
characteristics, conceptions of voltage stability and of “absolute power 
limit” in respect of that voltage stability are derived. The influence is 
discussed of stator-winding resistance and of saturation on representa¬ 
tive diagrams and curves. The paper is illustrated by an example of 
an actual 50-MW, 58-MVA turbo-generator. 


* * (1) INTRODUCTION 

The outstanding importance of a.c. synchronous generators, 
not only in the electricity supply industry but more generally in 
the whole technical and economical structure of the modern, 
highly-industrialized world, cannot be over-emphasized. It is 
therefore essential that the greatest care and consideration be 
given to the design and construction of the generators and to 
conditions of their operation and maintenance. It seems also 
that the problem of ’selecting the right type of machine for 
working in anticipated conditions should receive equal attention; 
it is not so much the mechanical as the electrical features of the 
performance of the machine that should be considered. The 
selection of the best type of generator to be used on a given 
system requires knowledge both of the theoretical principles of 
its design and also of different transmission and distribution 

* phenomena in which it plays such an active part. Its design 
must be such that the best compromise will be obtained between 
an optimum of its performance on the system and the most 
economical results of that co-operation. In the present paper a 
few contributions are made to the solution of the problem of 
selecting suitable electric characteristics of generators; a complete 
discussion, however, covering all aspects of the subject is not 
intended. For example, the economic side of selecting the data 
Of a generator Will not be dealt with, though this discussion of 
the technical aspects of the problem should facilitate an econo¬ 
mic analysis at a later date. 

A^procedure for tackling the problem has not yet been 
standardized, and accordingly it is difficult to compare the per¬ 
formance hnd merits of machines offered by different makers in 
! tendering for a contract. Such comparisons must be made. 
Thus it is useful to lay down fundamental data which an intending 
purchaser mi^t specify when asking for tenders, and also the 

* particulars which must be supplied by all interested manu¬ 
facturers. The scope of this paper is limited to high-speed turbo¬ 
generators (with solid rotors) *having an output measured in 


energy used at present. 

(2) FACTORS AFFECTING THE DESIGN AND PERFORMANCE 
OF A.C. GENERATORS 

(2.1) Factors Beyond the Scope of Present Considerations 
The voltage rating of the stator winding, tfye number of phases 
and the frequency of the generator must correspond to the system 
which is to be fed by the machine. The speed of rotation, and 
hence the number of poles, is determined by technical, and econo¬ 
mic considerations, mainly in respect of the prime-mover, the 
steam turbine. Features such as the phase connection in star 
with an external common point, cooling by means of closed air- 
circuit with internal or external fans, particulars of excitation, 
etc., are all more or less determined by the universal trends in 
construction of generators and usually need not be considered 
specially by the purchaser. 

(2.2) MVA Rating and Rated Power Factor 
When selecting a generator, the first and main factor to be 
decided upon is its output rating, which is usually expressed in 
terms of the rated MVA, together with the rated power factor. 

The output rating of a generator must be chosen to suit its 
anticipated loading when working on the system. The kilowatt 
rating is generally fixed by considerations of power-plant design 
and the proposed method of meeting the total load-demand by 
the available and prospective generating units; it is therefore only 
the rated power factor which has to be decided in such a way as 
to safeguard both the best adaptability of the unit to the system 
requirements and its highest possible utilization factor. The 
loading of a generator with, its maximum active power need not* 

necessarily coincide with the maximum reactive-power load. In 

the design of a machine, on the other hand, those factors are of 
importance .which result in greatest values of rotor and stator 
currents as well as of mechanical stresses, therefore the range of 
conditions under which the generator can be operated cannot be 
defined simply by a single maximum value of the power rating; 
it must be described by means of definite limits on a power 
diagram in kW/kVAr co-ordinates. The adoption of a rated 
power-factor value (in other words of the rated kVA correspond¬ 
ing to the given kW rating) is, as explained in what follows, 
affected not only by the expected operational.conditions, but also 
by such factors as the capability of the generator for working 
with leading power factor and by its stability in general, 

(2.3) Synchronous and Leakage Reactance 

Limiting the present considerationsto steady-state conditions 
only, the fundamental electric properties of a generator can be 
expressed by its magnetization; (no-load) and short-circuit 
characteristics (Fig. T). From such curves, together with a 
knowledge of the stator-winding leakage reactance, it is possible 
to deduce for any working conditions all the values characterizing 
the operation of the generator: in other words it is possible to 9 
construct the basic vector-diagram of the machine for every load. 9 
The above method, however, is very laborious, and simplified, 
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Fig. 1.—No-load and short-circuit characteristics of a 58-MVA, 3- 
phase, 50-c/s, 3 000-r.p.m., 0-862-p.f. generator. 

approximate methods are in use, based on the assumption of 
non-saturated iron paths in the generator, i.e. a constant value 
of the synchronous reactance and a straight-line magnetization 
curve. This simplification permits all the working conditions to 
be represented by a simple circle diagram; it must, however, not 
be forgotten that such circle diagrams are approximate, and 
therefore it is necessary to assess the order of the error due to 
ignoring magnetic saturation. 

The electromagnetic properties of a noil-saturated synchronous 
generator are represented by a single value of. synchronous re¬ 
actance, deduced from the straight-line no-load and short-circuit 
characteristics. In actual saturated generators the synchronous 
reactance normally employed to study the performance of the 
^generator when non-saturation is assumed, corresponds to the 
initial straight part of the magnetization curve. The saturated 
synchronous reactance decreases with the increase of saturation 
corresponding to the effective flux at any working point. The 
constant component-of the synchronous reactance, i.e. the stator 
winding leakage reactance, is of importance when the influence 
of the iron saturation has to be taken into account in the analysis 

(2.4) Stator-Windhig Resistance 
In all considerations concerning large synchronous machines, 
it is usual to neglect the resistance of the stator windings; the 
resulting error is negligible. In small synchronous” machines the 
select of stator resistance would cause inadmissible quantitative 
errors in predicting performance. In some cases the results 
obtained could also be incorrect qualitatively; e.g., in respect of 
the mechanical power limit of a machine wo rkin g as a syn¬ 
chronous motor, the very existence of that limit being due only 
to the presence of the stator resistance. 

(2>5) Operation on Infinite Busbars and in Isolation from other 
Synchronous Machines 
to addition to operating correctly under 
x ^ons the behaviour of a generator must also be predetermined 
- ard checked in respect of synchronous stability, capacitive load¬ 
ing stability. It is possible to deduce most of the 


necessary information if the following two operational conditions 
are assumed: (a) generator connected to a system r of infinite 
capacity, and (b) isolated generator supplying a load r composed 
of lighting, heating and induction motors. 

Modern systems fed by several generators connected to com¬ 
mon busbars, or comparatively solidly interconnected through 
the elements of the system of sufficiently large capacity, may, as 
regards each separate generator, be assumed to have a constant 
voltage which is independent of the load and field excitation of 
that particular generator; this satisfies the definition of a system 
of infinite capacity. The above is only an approximate repre¬ 
sentation, but is sufficiently true since high-speed automatic 
voltage regulation is commonly used on all systems; moreover, 
the present considerations are limited to steady-state conditions 
only. In such conditions synchronous instability .can-occur only 
with capacitive loading, and this will be discussed more fully 
later in the paper. The condition of operation most liable to 
synchronous instability occurs when a generator supplies power 
through an inductive impedance (transformers, line, etc.) to a 
synchronous motor of equal size; this seldom occurs in practice 
and is therefore unlikely to be a decisive factor in selecting the 
characteristics of a generator. Such conditions may exist, how¬ 
ever, in any system as a transient resulting from an electrical or 
mechanical fault. When two power systems are connected by a 
comparatively weak tie-line, operational conditions may also 
simulate generator-motor transmission, though in each system 
the generators are supplying power to their local loads. The 
solution then lies more in so designing the transmission line 
as to safeguard stability in operation, than in adjusting the 
characteristics of the generators for the same purpose. Transient 
instability due to temporary appearance of capacitive load 
conditions or of generator-motor operation is more-likely to 
occur than steady-state instability. A precise analysis, how¬ 
ever, involves great difficulties, and therefore the above cases are 
usually dealt with by introducing additional safety factors to 
power limits laid down for steady-state stability; this has proved 
satisfactory in all but extreme cases. 

To sum up, all necessary information concerning the stability 
of a generator (not of a system) can be deduced by studying its 
behaviour on a system of infinite capacity. 

The regulation of a generator is described by the current/ 
voltage or power/voltage characteristics, the curves referring to 
a single isolated generator feeding a non-synchronous load. The 
voltage stability of a system under variable load conditions is a 
resultant of the voltage stability of all the component generators 
connected to the system. In other words, if specified conditions 
of voltage stability are to be satisfied during operation Of the - 
system the simplest way to ensure fulfilment is to make each 
individual generator satisfy the same conditions. For this reason 
the behaviour of a generator should be analysed also for the 
condition of working in isolation of any other synchronous 
machines. ‘ :.\ A '• 

(3) LIMITATIONS IMPOSED BY REQUIREMENTS OF 
SYNCHRONOUS STABILITY 

' (3.1) Circle Diagram 

The powercircle-dia^am of a synchronous machine connected 
to a system of infinite capacity and constant voltage is well known 
and does not require lengthy explanations. From the vector 
diagram of the generator (Fig* 2), stator-winding resistance and 
saturation being ignored (i.e. with constant value of the syn¬ 
chronous reactance JS^),' for a constant value of the terminal 
vpitage : Mt and with variable load conditions, the following con- * 
clusiohs can be deduced: 

With a constant excitatioh*current i m , and therefore also a 
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; M „ Concentric circles with A as centre will correspond to different 

values of the excitation current. v 

(b) With a constant stator current /, the “working point” F 
under all changes either of the power-factor angle or of the 
excitation current i m (and the excitation voltage £*), must stay 
on the circumference of a circle drawn from the centre O with a 
radius OF = I . X d = const. Concentric circles with O as 
centre correspond to different values of the current /. 

(c) The projections OF" and OF 7 of the vector OF = /. X d ■ 
upon the axes of co-ordinates AM and RS represent to a certain 
scale the values of the reactive and active power at the terminals 
of the generator, corresponding to the. “working point” F. The 
distance OF represents the apparent power on the same scale. 

(d) With the adopted anti-clockwise direction of vector rota¬ 

tion, the values of OF' in the direction OR represent the opera¬ 
tion of the machine as a generator, and the values of OF' in the 
direction OS, operation as a motor, the line AM in respect of the 
situation of the “working point” F dividing the generating and 
motoring areas. * 

(e) The angle FOR being the power-factor angle <f> 9 the values 
of OF" in the direction OM correspond to reactive (magnetizing) 

Fis. 2.—Fundamental vector diagram of a synchronous generator, power flowing out of the machine, whereas the values of OF" in 
* the direction OA correspond to magnetizing power flowing from 

the system towards the generator. The line RS thus represents 
a limit between the area of behaviour of the machine as a “induc¬ 
tive synchronous impedance” (when the points F and A are on 
the same side of RS) and as a “capacitive 
synchronous impedance” (when the “work¬ 
ing point” F is on the side of RS opposite 
to point A). 

(/) The angle FAO is the displacement 
angle 8 between the vectors of the excita¬ 
tion voltage and the terminal voltage; there¬ 
fore the line PQ represents the synchron¬ 
ous stability limit, and stable operation is 
possible only when the “working point” 
F is on the same side of PQ as point 0, 
The distance OA thus represents the 
largest possible amount of reactive load 
which the machine can draw from the 
system without losing stability. 

(3,2) Power Chart 

A power chart for a synchronous genera¬ 
tor, based on the above principles of the 
circle diagram, is represented in Fig. 3 in a 
form most suitable for practicable me.* 
To obtain such a chart, the vector diagram 
(Fig. 2) has been rotated round the point 
A by 180°, in order that positive values of 
active power output of the generator may 
be represented by positive abscissae in con¬ 
formity with the qpmmon practice. Ibis 
results in positive ordinates corresponding 
to the magnetizing power flowing from the 
system towards the machine, therefore the 
magnetizing power supplied by the*genera- 
tor to the system must be taken as negative, 
as opposed to the case of active power 
directed towards the system, previously 
defined as positive. The above is in 
accordance with the piles laid down by 

* All the illustrations iii the present paper are based 
on a generator having the foUowing;characteiwfac»: 
58MVA, 50 MW, 0*862 (ind.) power factor, 2035 A, 
16*5 kV, 3 OOOr.p.m., 3-phase. 50e/s, synctoonous re¬ 
actance ^saturation neglected),190 1.6. .8*9 ohms/phas^ 
no-load excitation current at rated voltage (saturation 
neglected) 123 A. The no-load and. the_short-cucmt 
curves for this machine are represented in Fig. 1. , 



* Reactive power 
(on MVA bflisis) 


Fig. 3. —Generator power chart based on circle digram. Powct baas, 

Current basis: 100% = 2 035 A. Exatation basis: JW/o ~W3 A. Ternnnai votuge^ 
OA= 16-5/\/3kV = const. Rated power factor: 0-862 lagging. Rated ^ive power 
output: 86-2% =* 50 MW. Saturation and stator winding resistance neglected. 
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the I.E.C., and is a result of retaining the standard anti-clockwise 
direction of vector rotation, which, in order to preserve uni¬ 
formity of various diagrammatic representations, is regarded as 
being most important. 

All values on the power chart are represented on a percentage 
basis. This method is strongly recommended, as it is most 
helpful when different machines have to be compared. The 
fundamental scale of the diagram is its power scale with the 
rated kVA as basis. This “percentage” scale is the same for the 
apparent, active and reactive power, as well as for the stator 
current. The distance OA of the stability limit from the 
abscissae axis, expressed on the general percentage power scale, 
can be deduced from the vector diagram (Fig. 2) as 

Qs X 100 _ 3Ej x 100 c/ 

K x d N n /o • * • * (1) 

where Q s = 3 Ej/X d is the reactive power at the stability limit, 
E t the terminal phase voltage, X d the synchronous reactance, in 
ohms, and N„ the kVA rating of the generator. The distance OA 
represents also the 100% value of the excitation-circles scale, 
because the reference value of the excitation current is assumed to 
be its value at no-load, in which case IX d = 0 and E { = E t on 
the vector diagram. An additional scale for the active power is 
shown in Fig. 3, having as basis not the kVA rating but the kW 
rating. 

(3.3) Theoretical and Practical Stability Limit 

So far as stability requirements are concerned, the “working 
point” F may be anywhere on the chart surface so long as 
it is below the stability limit QP. This limit is only of 
theoretical significance because it represents states of unstable 
equilibrium, in which even infinitely small increments of load 
would pull the generator out of synchronism. In practice a 
proper safety margin must always be observed and the point F 
should not approach the “theoretical stability limit” QP by more 
than is defined by a certain “practical stability limit.” The 
most justifiable method of defining the “practical stability limit” 
seems to be that which depends on having on the “practical 
stability limit” at every excitation condition the same amount 
of active power by which the generator load can be increased 
before reaching the “theoretical stability limit.” The graphical 
construction of such a “practical stability limit” qp is repre¬ 
sented in Fig. 4 and is self-explanatory. The assumed constant 



active-power increment “n,” expressed as a percentage of the 
machine’s kVA rating, represents the “safety factor” of the 
practical stability limit.” Its value should be so chosen as 
to suit the possible transient changes of the load, due to faults 
and any abnormal conditions; usually 10% can be regarded 
as satisfactory, TOs method of representing the “practical 
stabiHty limit” suits the practical requirements better than an 
assumption that a certain maximum value of the displacement 
angle 0 (e.g. the line AA' in Fig. 4 for d =60°) must not be 
exceeded. 


The operation of shunt exciters beinjg unstable at lower 
voltage, an additional limitation may result in respect of 
the smallest allowable excitation current (e.g. the circle BB' for 
50% minimum excitation in Fig. 4). The two limits BB' and 
qp combine in such a case to form the resultant “practical 
stability limit” Bq'p, giving the largest permissible values of 
capacitive reactive loads. With separately excited exciters, 
which are used on all large modern generators, the exciter 
stability is satisfactory down to very low outputs. 

(3.4) Effect of Neglecting Saturation 

To assess the practical value of the power chart (Fig. 3) the 
error which results from ignoring saturation must be known. In 
the case of a saturated machine, the lines of constant excitation 
current on the power chart will not correspond to constant ex¬ 
citation e.m.f.’s, and therefore will not be represented by circles 
drawn round the point A; the correct shape and location of those 
lines on the power chart may be found by constructing exact 
vector diagrams for several working-points with corresponding 
.values of E l deduced from the magnetization curve of the 
machine, for saturation points defined in every case by the actual 
air-gap voltages. One such “saturated” curve for the constant 
excitation current of 300% is shown in Fig. 3 (the curve mn), 
which, when compared with the “non-saturated” circle for the 
same 300 % excitation current, shows clearly that in the region of 
capacitive loads of a generator the effect of saturation is almost 
nil. Thus the stability limit of a synchronous machine, based 
on the simplified, “no-saturation” circle power chart, is practi¬ 
cally correct. The error in estimating the excitation currents 
from the circle diagram (at the highest inductive load with' zero 
power factor) will not exceed 7-8 %, and at normal loading con¬ 
ditions about half those figures (readings obtained fj;om;the no- ^ 
saturation chart giving excitation currents which are too small). 
Thus the simple circle power chart may safely be used for most 
practical problems. 

(4) COMPLETE LOADING LIMITATIONS OF GENERATOR 
Besides the “practical stability limit,” which gives the maxi¬ 
mum permissible capacitive reactive load, corresponding to any 
value of the active (MW) load of the generator, the power chart 
can also be completed with other limits, resulting from definite 
current and power ratings of the machine; such a complete 
picture of all load limitations of the generator is represented 
also in Fig. 3. If the generator is so designed that the values of 
its MW, stator current and excitation-current ratings represent 
the maximum ratings which cannot be exceeded—then the area 
a beef (in Fig. 3) is the permissible “working area,” outside 
which the working point of the generator should not come? 
Besides ats maximum continuous rating the generator may also 
possess a certain emergency overload-rating, which may refer as 
much to -the rotor and stator currents as to the MW rating. 
Under emergency conditions, e.g. when a shortage of plant occurs 
on a system after some outages, it may sometimes also be neces¬ 
sary to work temporarily with a reduced safety factor of the 
_ practical stability limit.” Such an extended emergency “work¬ 
ing area” is represented in Fig. 3 by the larger figure a' b'c'd' e' f', 
for ratings 20 %. greater than the continuous ratings and with a 
5% (instead of 10%) safety factor of the stability limit. „ The . 
operation of the generator in the “emergency working area” will 
certainly be alio wed_ only for a definite period, which must be 
predetermined by the manufacturer. 

The limits of the “working area” in Fig. 3 represent the per¬ 
missible capacitive and inductive reactive loads as functions of 
the respective active loads of the generator, hfaking use of the 
lines of constant power-factor values and of constant excitation 
currents on the basic circle power chart of the machine it is 
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(5) CORRELATION BETWEEN THE CHOICE OF 

SYNCHRONOUS REACTANCE AND MVA RATING OF 
GENERATOR 

(5.1) Influence of MVA Rating on Performance of Generator v 

When selecting a generator for given conditions of service 
the machine’s loading limitations represented by means of 
“working area” diagrams must be so chosen as to suit best the 
anticipated needs of the system. For this purpose it is necessary 
to know how the limits of the “working area” are likely to be 
affected by changing the different characteristic values of the 
generator. In Fig. 7, in addition to the “normal working area” 

\^Xd B 6*ln (84*8 MVA) 


|120 % 

MW 

(on MVA basis) 


V w HI I 

Fig. 5.—Representation of the “working area” of the generator in 
co-ordinates of power factor and active power. Data as for 
Fig. 3. 



40 60 80 100 '.120 % 

MW (on 'M\A basis) 

Fig. 6.—Rep?iesentation of the “working area” of the generator in co¬ 
ordinates of magnetizing current and active power. Data as for 
Fig. 3. 

possible to represent the same limits either in .co-ordinates of 
active power and power factor (Fig. 5), or in co-ordinates of 
active :power and excitation current (Fig, 6). The last two ■ 
itiethods of representation are in many cases most useful for 
initial studies of the general and for supervision of 

their operation. 

> Vol. 91, Part II. 


Fig. 7.—Influence of MVA rating of the generator on Its “working 
area” (with constant percentage value of synchronous reactance). 

re-drawn from Fig. 3, there are also similar working areas repre¬ 
sented for other MVA ratings of the generator. It is assumed 
that the active-power rating of the machine, and the percentage 
value of the synchronous reactance (190 %) are the same. All the 
percentage values in Fig. 7 are based on the rated current and 
power of the initial machine (58 MVA, 0*862 power factor*. 

2 035 A). The ordinates of the centres of excitsition-current 
circles, obtained from eq. (1) and representing also the distances 
of the theoretical stability limits from the active-power axis, are 
for every MVA rating inversely proportional to the ohmic values 
of synchronous reactance. As a constant percentage value of 
the synchronous reactance has :been assumed, this means that 
they are directly proportional to Ine MVA ratings* because 

^(ohms) 5 s Jqq * * * . * C2> 

' . 13 *. 
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percentage synchronous reactance as suggested above, it must 
be borne in mind that increasing the first and decreasing the 
second fnean% increasing the size and cost of the machine. The 
various limits of “working area” of a generator are capable of 
- different interpretations. These limits, which are imposed by 
limitations of rotor and stator currents, or of the mechanical 
power, can in some cases safely be exceeded slightly for a short 
time. This means that the “working point” will enter the “emer¬ 
gency working area,” or in exceptional circumstances move even 
farther, 11 but the safety factors adopted in the design of the 
machine ensure that this will lead to no serious damage. The 
situation is obviously different in respect to the stability limit; 
if this -is exceeded the result may be loss of synchronism of the 
set and subsequent serious disturbance to the system. This 
will not necessarily happen, as the “practical stability limit” in 
the diagrams of the generator “working area” embodies a certain 
safety factor. It becomes more dangerous to exceed the “prac¬ 
tical stability limit” the more the safety factor is decreased, and 
the more frequently transient stability disturbances occur on the 
system. Though an “emergency stability limit” with a reduced 
safety factor (as shown in Figs. 3, 5 and 6) may be adopted—the 
imposed stability limit must be adhered to in order that the 
system may operate reliably. If the supervisory personnel have 
at their disposal such diagrams as Figs. 3, 5 or 6 this can be 
effected more readily. 

(6) VOLTAGE STABILITY OF GENERATORS 
(6.1) Generator Voltage at Constant Excitation Resulting from 
Load Characteristics 

The considerations of previous paragraphs refer to the working 
* conditipns # of a generator, characterized by the assumption of 
constant terminal voltage. In general practice this assumption 
is justified; the terminal voltage of generators, however, varies to 
some extent on small systems, and other systems at times of light 
load when only a few generators are running, also during ab¬ 
normal transient conditions caused by faults. The behaviour of 
a generator in such circumstances will depend upon its charac¬ 
teristics when working alone with non-synchronous load con¬ 
nected to its terminals, and those properties are represented by 
the external characteristics of the generator i.e. the current/ 
voltage and power/voltage curves for a constant excitation current 
and constant power factor. These curves, deduced from the no- 
load curve of the machine already used in previous examples, 

‘ are represented by full lines in Fig. 9. The voltage at the 
terminals of the generator depends not only on the charac¬ 
teristics^ the machine but also on the properties of the con¬ 
nected load, because different kinds of load vary in different 
ways with changes of applied voltage. In this respect all loads 
can be represented by the constant-impedance or the constant- 
power load, or by a combination of the two. If the present 
considerations are limited to the comparatively narrow margin 
of voltage-changes which is of practical importance, the lighting 
and heating loads may be represented witji sufficient accuracy 
by constant-impedance loads, and the induction-motor loads by 
constant-power loads. , # '. - 

The current/voltage and power/voltage characteristic curves of 
the QpnstaSt-impedance loads are represented in Fig. 9 by the 
lines <f e” and “f” for different values of the impedance. For: 
~ every load (impedance) value, the voltage established at the 
terminals^of the generator corresponds to the point of inter¬ 
section of the respective load and generator characteristics. In 
this case no voltage instability whatsoever can occur, as a definite 
and stable terminal voltage corresponds to any load impedance 
between infinity (no-load point M) and zero (short-circuit point 
N). The characteristics of various constant-power loads, repre¬ 


sented in Fig. 9 by “a,” “b,” “c,” “d,” show clearly that this kind 
of load cannot be increased beyond a value corresponding to the 
power limit of the machine (see curve “c”), for beyond it the 
load and the machine characteristics do not intersect (see curve 
“d”). For the load-power values below the power limit there 
are at any load two intersection points with the generator’s 
characteristics, but only at the upper points (between the no-load 
point and the power-limit point) is the terminal voltage stable. 

Usually a generator load is represented by, a combination of 
constant-impedance and constant-power loads, and the charac¬ 
teristic curves for such a combined load may be obtained by 
adding the curves for the component loads (e.g. curves “a + e” 
on Fig. 9 drawn for a load resulting from paralleling the loads 
represented by curves “a” and “e”). The example given shows 
that for such a combined load there alsp exists, as in case of the 
pure constant-power load, a minimum voltage value (the ordinate 
of the point “B”) representing the “voltage stability limit.” 
This limit does not, however, correspond in this case to the 
maximum load of the machine, .but to a point lying on the 
voltage/power curve beyond the power maximum, nearer to the 
short-circuit end of the characteristic. Thus in all practical 
loading conditions the power-limit point of the generator charac¬ 
teristic does not represent the critical point the approach to 
which means the danger of losing the voltage stability; as every 
load comprises a certain amount of constant-impedance load 
a | so —the critical point of the voltage-stability limit occurs, as a 
rule, at a voltage which is lower than that of the power-limit point. 

(6.2) Power-Limit at Varying Excitation 
In the previous Section a constant value of the excitation 
current has been considered. In practice, however, the auto¬ 
matic voltage regulation tends to counterbalance all changes in 
the terminal voltage. The behaviour of a machine must there¬ 
fore be judged by a series of external characteristics for different 
excitation currents, covering the whole range of their variation. 
Such a set of external characteristics for the machine to which 
Fig. 9 refers is given in Fig. 10. The power-limit points on single 
curves occur with increasing excitations at increasing voltage 
values—the dotted curve “mn” in Fig. 10 is their locus. A 
similar curve “mV,” which passes through the limit points on 
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Fig. 10.—Method of determining the “power limits” of a generator in 
* respect of its voltage stability (curves for 0*862 lagging powef 
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individual curves, as defined by the voltage-stability require¬ 
ments for a given type of load, will characterize the voltage 
stability of the generator for that type of load. The speed of 
voltage variations caused by the load-changes is limited by the 
magnetic inertia of the generator, and with modern design of 
exciters and automatic Voltage-regulators it is possible to keep 
the terminal voltage constant within comparatively narrow limits. 
This, however, applies only up to a certain excitation value, cor¬ 
responding to the point where the curve “mn” (power-limit 
locus) crosses die working-voltage level (point P in Fig. 10). A 
.further increase of load, and the resultant automatic increase of 
the excitation current, would bring the working point beyond the 
power-limit point on the respective external characteristic. In 
the case of a pure constant-power load this would produce voltage 
instability, whereas under practical load conditions, though the 
working point would perhaps remain within the actual voltage 
stability limit (above point B in Fig. 9), operation beyond the 
power limit should, nevertheless, be avoided, the margin between 
the power limit (point A, Fig. 9) and the voltage-stability limit 
which is difficult to define more exactly (point B, Fig. 9) being 
regarded as the indispensable safety margin which in practice 
'must be provided for every stability limit, 

The point “P” in Fig. 10 thus represents the “absolute practical 
power limit” in respect tb voltage stability, this limit correspond¬ 
ing to a given working voltage (9 • 52 kV in the example). The 
term “absolute” is used to distinguish from power limits on indi¬ 
vidual power/voltage curves for different constant-excitation 
values. If the power defined by the above “absolute” limit is 
exceeded it is possible that the zone is entered in which voltage 
instability may occur finder certain circumstances (in respect of 
load composition). The “power-limit” curve “mn,” shown in 
Fig. 10, refers to the power factor assumed for all the external 
characteristics in this Figure. As no exact value of the “absolute 
theoretical power-limit” in respect to voltage stability can 
be strictly defined (the crossing of some curve “m / n / ” in Fig. 10 
with the rated voltage level), this value depending both on the 
character of the load and on its power factor, it is satisfactory in ' 
practice to adopt Such a “practical” limit as that represented by 
the point “P” in Fig. 10. (This applies to the rated power factor* 
and is determined by the curve “mn” passing through the maxi- 
mum-power points of several power/voltage curves of the 
generator.) The ratio of the power limit, defined in this way, to 
the power rating of the generator, represents the permissible 
overload capacity of the machine in respect of voltage stability, i 
This limitation, resulting from the voltage^stability requirements, i 
is quite as important as the rotor- and stator-current limi tations « 
which were represented on the “working area” diagrams (Figs. 3 i 
5and6). . 1 

| It is not possible to produce without considerable labour a com- i 
plete set of power/voltage curves at different excitation values, and i 
from this to obtain the pdwer-limit curve “mn” (as in Fig. 10) r c 
But at least one power/voltage ctirve, that for rated power factor i 
and excitation of rated load, should always be investigated. The i 
overload factor of a machine will become the greater, the farther c 
, the rated-load point on that Curve moves away from maximum- t 
load towards no load. This factor cannot be defined quantita- ] 
hvely, however, without At least two or three points on the curve r 

mn”m the neighbourhood of the rated voltage level. r 


pletely to change the whole picture. Jo illustrate this in 
Fig. 11 both the unsaturated (full-line) and the saturated (broken) 
power/voltage curves are represented for the same value of syn¬ 
chronous reactance of 8-9 ohms (i.e. 190% at 58 MVA, 16-5kV). 
Up to the rated-voltage level the two curves differ very little and 
this confirms that saturation can be neglected when Heating wjth 


20- Full lines; 
saturation 
neglected 


12 
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# = 9-52kV 


Fig. 11.—-Influence of the synchronous reactance of generator on its 
voltage stability (curves for 0-862 lagging power factor.) 

constant-terminal-voltage power charts. Above % rated vol-* 
tagA however, the discrepancies are very large; die saturated 
curve has its power maximum at the rated-load point in this 
particular case, whereas for the non-saturated curve that power 
lirnit occurs at a much higher voltage—it is obvious that if based 
on non-saturated power/Voltage curves, any conclusions referring 
to the position and shape of the curve “mn” in Fig. 10 would be 
completely false. - 


(6.3) Importance of Saturation 

_ The external characteristics of the generator, as shown, in 
Figs. 9 and 10, have been deduced from the actual maonwiTing 
curve of the machine, i.e. they take into account the infWp ^ 0 f 
saturation (the stator winding resistance, however, has been 
neglected). The saturation cannot be neglected in this case 
because the errors thus introduced would be; so great a$ com¬ 


(6.4) Influence of Synchronous Reactance 

It is important to know how the power limit of a generator, 
in respect to its voltage stability, can be affected by changes in’ 
the design data of the machine. Fig. 11 shows external charac¬ 
teristics of a non-saturated generator for different values off 
synchronous reactance, the curves are drawn for such excitation 
values as will cause them ah to pass through the salhe rated 
working-point (9-52 X /3kV, 2 035 A, 58 MVA, 0*862 power 
factor, inductive). It will be noticed that when the synchronous 
reactance is decreased, die working-point F (in Fig. 11) travels 
along the respective power/voltage curves in the direction of the 
no-load point. In other words, with a changing synchronous re¬ 
actance value the maximum<-power point of the power/voltage 
curve moves along a Certain curve “uv” representing the locus of 
those maximum power-points. This curve, as it will be seen from 
Fig. 11, has a certain minimum-power point; this occurs when the 
rated Working-point of the generator coincides with the maximum- 
power limit on the corresponding power/voltage curves This 
happens (for the non-saturated machine only) at 100% syn- 
^ronous reactance (on MVA basis of the rated woricing-point 
F), the external impedance of the load being equal here to.the 
internal, synchronous reactance, s«, as it ought to be, at the 
maximum possible load of a generator with constant excitation. 
If it is intended that the rated working-point at the rated exciter- ' 
tibn shall be above the maximum-power point of the power- 
voltage cui ve (and this may be necessary if a greater overload 
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factor is required), then the maximum-power point of the power/ 
voltage curve must be situated on the lower branch of the “uv” 
curve (i£. belbw the point F) and the synchronous reactance must 
be less than the “critical 5 value of 100%. 

When taking into account the influence of saturation (which, 
as already stated, milst be done in this case), the computation of 
external characteristics for different values of synchronous re¬ 
actances would be very laborious. The presence of saturation 
will, however, change only the quantitative and not the qualitative 
aspect of the problem. Although the shape of the maximum- 
power locus curve “uv” will be different for the saturated 
machine, yet once again it will have a minimum-power point 
with which a certain “critical” value of the synchronous reactance 
will be associated. This value, depending on the degree of satu¬ 
ration (i.e. on the shape of the no-load characteristic), will as a 
rule be much above the non-saturated value of 100%. In the 
generator used for all the examples in this paper the critical value 
is about 190%. The permissible overload factor of the machine 
will become greater as the synchronous reactance drops below 
this critical value. Even without determining the limit curves 
“mn” from Fig. 10 and “uv” from Fig. 11, the position of the 
rated working point F on the power/voltage curve drawn for the 
rated excitation, in relation to the maximum power of that curve, 
will in practice give sufficient information. A decrease in the 
ohmic synchronpus reactance, which affects the shape and the 
situation of the external characteristics of a generator (as shown 
in Fig.*11), may be attained either by diminishing the percentage 
synchronous reactance at the same MVA rating, or by increasing 
the NIVA rating of the machine with unchanged percentage syn¬ 
chronous reactance. As, however, the power limit (determined 
■ m by the voltage instability) is raised only in order to increase the 
overload capability of the generator, it will always be accom¬ 
panied by the necessity to increase the respective rotor- and 
stator-current ratings also, so that the decrease of the syn¬ 
chronous reactance usually will have to be obtained by increasing 
the size of the machine. The correct procedure in selecting the 
electric characteristics of a generator is to select its MVA rating 
and its synchronous reactance, as outlined in Section 5.3, and 
then to check these values in respect to the position of the rated 
working-point on the power/voltage curve for the rated excita¬ 
tion. The result will in most cases prove satisfactory, but, if 
not, additional corrections to the predetermined MVA rating 
and synchronous reactance will be necessary. 

(6.5) Influence of Direct Connection through Step-up Transformer 
Nowadays it is usual to connect generators solidly to their 
step-up ^transformers. In such cases it is mot the terminal- 
voltage of generators but the busbar voltage beyond the step-up 
transformer which is regulated by the automatic voltage regu¬ 
lators, and therefore all the considerations contained in previous 
paragraphs should refer to current/voitage and power/voltage 
characteristics based on voltage values beyond the step-up trans¬ 
former* At the same time the synchronous reactance of the 
generator will be increased by addition of the leakage reactance 
of the step-up transformer. The same obviously applies to the 
power charts and synchronous-stability limits discussed earlier. 

(7) ACTUAEI OPERATIONAL CONDITIONS OF GENERATOR 
REPRESENTED BY INTERMEDIATE STATE BETWEEN 
ISOLATED AND INFINITE-BUSBAR OPERATION 
In practice it is exceptional for a generator to supply only its 
own *non-synchronou$ load, as described in Section 6. The 
conditions of operation represented by the assumption of infi¬ 
nites^ powerful busbars can never be fully obtained in practice. 
In normal working the conditions of operation correspond to a,n 
intermediate state between the above two extremes. The voltage 


characteristic of a system fed by a number of generators is a re¬ 
sultant of their individual external characteristics. It is possible 
to represent the voltage characteristic of the whole system at a 
given point of the system by current/voltage and power/voltage 
curves of an imaginary equivalent generator, having charac¬ 
teristics made up of the characteristics of individual generators. 
From the external characteristics of this equivalent generator and 
from the system-load properties, identical load limitation in 
respect of voltage stability can be deduced as already described. 
An exact analysis in detail in most cases being impracticable, it 
will usually be sufficient to design the individual generators with 
such properties (overload capacity without reaching the danger 
zone of voltage instability) in respect .to their loads as are re¬ 
quired for the whole system, because with identical charac¬ 
teristics of individual generators the properties of the equivalent 
machine will be equal to those of the components. This, to¬ 
gether with the possibility that a generator will be operating alone, 
explains the importance of taking into consideration the behaviour 
of isolated generators connected to non-synchronous loads only. 

When the terminal voltage of a generator varies, a power chart 
should be drawn for every different value. In general, however, 
the voltage of any system is maintained at a constant level by 
automatic voltage regulation; thus the voltage-changes will be 
only transient. The limitations of the “working area” as repre¬ 
sented in Figs, 3,5 and 6 will not lose their practical value in such 
circumstances, because no harm will result from an increase of 
the maximum rotor and stator currents for a short time, whereas 
the lowering of the theoretical stability limit caused by a not- 
excessive transient voltage-drop will not usually bring the theo¬ 
retical stability limit below the practical stability limit which has 
been adopted for the above-mentioned diagrams (the theoretical 
stability limit for an assumed voltage drop of 10% is shown in 
Fig. 3). If in practice a generator is operated at different levels 
of terminal voltage (e.g. with different loads on the system) then 
separate diagrams should be available for these different voltages. 
Alternatively, the critical (narrowest) limits of the “working 
area” can be deduced from cases corresponding to extreme values 
of the voltage, and plotted on one diagram in power co-ordinates. 
In comparatively few cases, when a proper analysis of the com¬ 
plex problem of system stability, particularly of its transient 
stability, is indispensable, the information obtained by the 
methods discussed will represent a valuable stepping-stone to 
such an analysis. When the electrical data of new generators 
have to be psedetermined, it appears to be neither possible nor 
necessary to consider the various factors in more detail than has 
been indicated in the paper. 

(8) CONCLUSIONS AND GENERAL REMARKS 
The following are the conclusions formulated from the fore¬ 
going considerations:— . v 

(a) When ordering generators for use on systems in which 
problems of stability are likely to play an important role, owing 
to capacitive loads or to large impedances introduced between the 
individual synchronous generators, their detfricalcharaxrteristies 
deserve careful consideratioru 

lb) On important systems supplied by large units, in addition 
to checking the stability it is essential also to have facilities for 
proper supervision of loading of generators, in order that inad¬ 
missible overloads may be avoided. 

(c) In order to select the optimum electrical characteristics of 
a generator and to obtain all the necessary information as to its 
behaviour in service, it is sufficient to consider the two extrenae 
cases of its operation; viz. in isolation “from other synchronous 
machines and on infinite busbars. Conclusions deduced from 
the above considerations will in most cases give a sufficient ansWe^ 
to all stability problems; when a more detailed study of transient 
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stability is necessary, the stability limits deduced from the power 
charts represent the first approximation to the solution. 

(d) A decrease in the ohmic value of synchronous reactance of 
a generator results both in improvement of its voltage stability 
(increase of permissible overloading factor) and in widening of 
its “working area” (increase of permissible reactive loads at given 
active loads). The decrease of synchronous reactance (in ohms) 
may be obtained either by increasing the MVA rating or by de¬ 
creasing the percentage synchronous reactance. Both methods 
entail increase of cost. Decreasing the percentage synchronous 
reactance for the same MVA results in widening the “working 
area” only in the direction of capacitive loads, and is more eco¬ 
nomical than increasing the MVA rating with the same effect. 

(?) It is suggested that for the given anticipated load charac¬ 
teristics the MVA rating of the generator should be chosen in 
respect of the inductive loads, and the percentage synchronous 
reactance should be defined for that MVA rating and for the re¬ 
quired capacitive load. The data so chosen should be checked with 
the permissible overload factor (as defined by voltage stability). 

C f) Diagrams of “working area” for normal and emergency 
operation of the generator can be deduced from the power chart 
and represented in co-ordinates of active and reactive power, active 

powerandpowerfactororactivepowerandexcitationcurrent. Such 

diagrams are most suitable for supervising generator operation. 

(g) The resistance of the stator winding need not be taken into 
account for large synchronous machines. 

(k) The saturation effect can be neglected when preparing 
power charts to obtain the “working area” diagrams. This causes 
practically no errors in the capacitive area, and only moderate 
errors (below 10%) in the inductive working area. For the more 
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based on the magnetization curve of the machine should be used. 

0) The external characteristics of a generator isolated from 
other synchronous machines must take saturation into account. 
From the no-load and short-circuit characteristics and the 
leakage reactance it is possible to deduce the external charac¬ 
teristics for any required excitation and power factor. As this 
entails a laborious procedure, it is suggested that conclusions in 
respect to the permissible overload factor can be drawn from a 
single power/voltage curve for the rated power factor and excita¬ 
tion corresponding to the rated working-point. 

Some other factors which must be taken into consideration 
are as follows:— 

The leakage reactance, which is a small component of the 
synchronous reactance (and almost entirely independent of the 
saturation of the machine), represents amajor part of the sub¬ 
transient reactance, The sub-transient reactance of a generator 
determines the initial short-circuit current and thus the nwVign.>ai 
stresses imposed on the elements of the machine dur ing faults, 
and therefore the general trend toward decreasing the syn¬ 
chronous reactance should not be accompanied by a simul¬ 
taneous decrease in the sub-transient reactance. If the percentage 
value of the latter be the same for generators of different sizes, 
(he faplt currents will be proportional to the generator ratings! 
The mechanical strength of generators is also proportional to their 
ratings. v- 

T * 1 ® satisfactory operation of generators depends largely on 
the performance of their exciters. It has already been men¬ 
tioned that, to avoid instability caused by unstable operation of 


exciters at low output, separately-excited exciters are generally 
used. Two more points must be noted: the “ceiling” voltage of 
the exciter and the speed of its voltage-rise in response fo field- 
changes. By keeping these two values' s ufficie ntly high the 
stable operation of generators under transient conditions is as¬ 
sisted. In terms of the methods outlined in this paper—the 
above tends towards a closer approach to operational conditions 
of a generator working on infinite busbars, which in turn allows 
one to set the “practical stability limit,” represented on the 
power charts, nearer to the “theoretical limit,” thus widening the 
“working area” without further decreasing the synchronous 
reactance. 

The following particulars,* when supplied with a generator (or 
with a tender for the machine), will allow one to anal yse the 
generator’s properties in the described way: 

(a) The MVA rating, the rated voltage and power factor (and 
hence the rated stator current).. 

(b) The rated no-load and full-load excitation currents. 

(c) Data of permissible short-time overload of the machine, 
referring to mechanical and thermal overloads (in terms of active 
power and stator and rotor currents). 

(d) The no-load and short-circuit curves on a percentage scale 
(and hence the non-saturated synchronous reactance). 

(e) The sub-transient reactance—to be used instead of the 
stator leakage reactance (this, in conjunction with the no-load 
and short-circuit curves, allows any other characteristic curves to 
be deduced). 

(J) One power/voltage curve (on a percentage scale and taking 
into account the saturation) porresponding to the rated power 
factor and excitation current of the rated MVA load [this" curve 
can also be deduced from the previous data, as mentioned in m 
(e), but this is a rather laborious procedure], , 
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PAPER No. 1: THE ECONOMIC RATING OF MOTORS AND TRANSFORMERS 


SUMMARY 

Physical and economic ratings are compared, and the scope and 
limits of economic choice are discussed and illustrated. A method of 
economic selection is proposed through the use of larger standard 
machines, and a technique is developed for investigating the economy 
of changes in rating. Tables of data and results are given at the end 
of the paper, and the methods employed in these tables are explained 
in some detail. The results are expressed in the form of an “economic 
advantage” obtainable through under- or over-running, and show the 
former to be highly advantageous in a large number of cases. 
Methods of implementing the results are discussed. 


these data and the methods of certain calculations have been 
omitted. So far as transformers are concerned the investigation 
is confined to a single supply price, a single duty and two sizes 
of large supply transformer. 

Since the conclusions depend entirely upon price ratios they 
will necessarily have to be re-calculated as soon as post-war 
figures become stabilized. In the meantime these calculations, 
based on prices ruling some 5 years before the war, will at least 
serve as a standard of reference. Chiefly, however, the paper 
should be of value as an illustration of method, and as a per¬ 
manent contribution to the technique of economic choice. 


(1) GENERAL 
(1.1) Introduction 

* The.paper was planned as a general inquiry into the economic 
design and selection of electric motors and transformers. The 
war has adversely affected its appearance in two ways. Firstly, 
the various restrictions have made it difficult to publish a paper 
of length adequate to this study. Secondly, the general tenor of 
the conclusions is in the direction of under-running—i.e. greater 
capital expenditure in order to save running costs. But in war¬ 
time this is the exact opposite of what is required. At the 
present time of acute shortage of men and material it is necessary 
to over-run right up to the danger point. Instead of investing 
solidly in low-loss plant whose advantage will accrue in years to 
come, we have to live on our capital, so far as this is physically 
possible. .. ! 

But even the war cannot alter the laws of physics or the prin¬ 
ciples of economics upon which engineering practice jointly de¬ 
pends. * An efficiency improvement which pays for itself over 
*2 or 3 years in plant lasting 20 or 30 is good economics 
even though we are not able at the moment to follow it out. 
And soon •after the war we may be faced with precisely the 
opposite situation—an immediate surplus of man-power, and the 
necessity of planning for high economy in the years ahead. 

Moreover, one minor effect of the war has been a general 
survey of our practice and rules to see whether any of them 
need tightening up or could be relaxed, and a closer comparison 
between our figures and those of other countries. If such a 
comparison reveals a persistent difference in, for example, work¬ 
ing flux-dSnsities, such a difference calls for investigation. In 
particular, the flux density and steel quality in our transformers 
have been adversely criticized, and after the paper was written 
this point was specifically investigated by the author and made 
the subject of a separate paper, f 
tinder these circumstances the Work has been condensed some- 
‘ what, and whilst the data and the results for the motors are 
given in tabular form; some of the reasons for the selectioh 0f 

* The Polytechnic, London. (Seconded to Ministry of Fuel and Power.) 
t See page 206. ■■ 


( 1 . 2 ) Physical Limits and Economic Rating 

Periodically we are promised (or, should one say, threatened - 
with) a revolution in insulation technique. Some new material 
(probably of synthetic origin), more compact and better heat- 
conducting and heat-resisting, is going to release us from the 
bonds which now tie us to the organic world, and we are going 
to soar to far higher levels of output. Parallel changes are fore¬ 
cast in the other design components, e.g. higher flux or current 
densities, coupled perhaps with improved ventilation technique, 
and (in the case of the iron) possibly a change in the material 
itself or its processing. Some such revolution may become 
possible at any moment, but before blindly accepting it at its face 
value as an obvious “improvement” let us examine its implica- % 
tions, and take stock of the economic situation of the user as „ 
well as the commercial position of the manufacturer. 

If a 10-h.p. frame will provide 12. or 15 h.p. continuously 
without damage, what is there to prevent us altering the name¬ 
plate forthwith? One possible answer is that owing to the cost 
of the losses it would be cheaper for most users to buy the larger 
frame for the bigger output: and in fact it might prove to be 
more economical for the 10-h.p. frame to be de-rated to 8 than 
to be up-graded to 15. All technical possibilities should there¬ 
fore be examined from the point of view of running costs before 
densities are increased or any upward changes are made in our. 
present ratings. The war has taught us the danger of improved 
technique if it is not wisely directed. In engineering, as mother 
spheres, there is grave danger of confusing ends and means, and 
forgetting that a low-priced motor or transformer is only a means 
itb the erid of cheap power for the user. 

The meaning of economic rating as distinct from physical 
rating can be explained by a hypothetical example. This is 
based purely on the assumption of existing manufacturing 
standards and does not envisage any change in design or any 
qualitative efficiency improvements. Let it be supposed that 
12 h.p. is required for certain hours of utilization, costs of supply, 
etc. Suppose also that standard machines are listed by the * 
manufacturer, as follows: Machine A rated to give 10 h.p. and ;* 
Machine B rated to give 12 h.p. at the required speed. Machine 

v.-'V-v-•• ‘ ■ • : : • 
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B, although giving 20% more output, costs only 16% more to 
buy, and has 16% more copper, iron and friction losses. 

Now suppose that physical limits can be removed or raised 
in some way. Owing to technological changes it is possible to 
run the smaller frame-size* satisfactorily with 10 % higher current 
and flux densities. This machine (under its new label A') pan 
now give 20 % greater output, and will therefore meet the service 
requirements. Comparing A' with A, the purchase price is. un¬ 
altered, and so is the friction loss apart from possible extra fan 
losses. But both the iron and copper losses will be approxi¬ 
mately 20% greater, and therefore some 4% higher than in the 
case of B. If the machine is an induction motor, the magnetizing 
current will be very considerably higher. 

There are now two alternatives available for the same service, f' 
namely the smaller frame-size over-run machine A' and the 
larger-framed normally-rated machine B. A' will be cheaper to 
buy but somewhat dearer to run than B. Putting all the factors 
on some common basis, the overall costs with A' may be less or 
■ more than with B. If less, this indicates that the correct economic 
rating point is higher than the existing physical rating, so that 
as soon as it becomes practicable an increase should be made. 
If, on the other hand, the costs with A' are more than with B the 
economic point is evidently lower, and an increase in present 
ratings would give no advantage to the user even if the whole 
; saving in manufacturing cost were passed on to him. 

The opposite process may then be experimented with, using a 
still larger frame-size. Thus if the next larger standard size listed 
is rated to give 15 h.p. the economic effect may be tried of r unnin g 
this with 12-h.p. output, suitably proportioned. The object of 
the present paper is to examine the economy of existing ra tin gs 
and see whether and where an increase or decrease would be 
economically desirable. By inference, some idea will be obtained 
as to how far the change should go—i.e. whereabouts the 
economic rating point occurs. 

. 'Em foregoing remarks suggest that in opposing a plan for 
increased ratings the best strategy is to propose a decrease. 
Moreover, such a frontal attack, if successful, leads to a more 
practical line of procedure. For most existing ratings are deter¬ 
mined largely by temperature and other limits, and cannot at 
present be exceeded. Hence, even if economics indicates that a 
larger output would give cheaper horse-power service, there is 
nothing to be done about it until technology has advanced. If, 
however, a smaller output is economically correct, the conclusion 
is no sterile one but opens up an immense field for immediate 
action. The plan of “paying for efficiency” is therefore an 
eminently practical one, wherever it can be proved to be econo¬ 
mical, and deserves some further consideration of a general sort. 

{1.3) Paying for Efficiency 

Wien Lord Kelvin (then Sir William Thomson) enunciated 
the law for cables that bears his name he did far more than 
, merely express a rale for choosing conductor sections. He fore- 
shadowed an entirely new principle of design and selection, 
applicable in some degree to every kind of electrical plant He 
and Pr, John Hopkinson were in fact the joint founders of 
electrical engineering economics. 

It cannot be said that the economic principle itself was new. 
All engineering is necessarily economic, and it is this factor which 
distingm&ies it from applied physics and chemistry. The 
engineer has not only to get certain physical results but to get 
them at a price—he has to find not merely a solution but the 
cheapest solution of the .problem set him. But desigh and 



selection before Kelvin’s day (and much of it since) has proceeded 
on the tacit assumption that the smallest and cheapest machine 
that will do the job is the right one to install. If the teJm “the 
job” really comprises everything that is Wanted, this assumption 
is correct, but usually it does not do so. 1 ' 

The job as usually specified concerns the output performance 
coupled with all necessary safeguards in the way of temperature 
limits and overloads, insulation tests and the like. Lord Kelvin 
pointed out that the smallest section cable that would “do the 
job” in this sense was not necessarily the cheapest, because a larger 
cable might save more in losses than it cost in capital charges. 

There are in fact two distinct bases of choice of electrical plant 
which may be called output choice and economic choice. The 
former consists in assembling at the lowest manufac turing cost 
the lowest quantity and quality of active materials that will give 
the output required under the conditions specified. (It is assumed 
that either the specification or the maker’s repute will ensure a 
reasonable life and freedom from breakdown.) The latter Con. 
sists in a selection such that the capital expenses plus the operating 
expenses are a minimum. 

Both methods of choice are economic in the sense that all 
engineering is economic, but only the latter is a specifically 
economic choice. The former assumes too easily that the con¬ 
dition of “least total cost” will be satisfied by “least first cost.” 
In the case of cables there are actually two output limitations 
(heating and regulation), thus making three possible bases of 
choice. Since all depend on different factors they are quite 
unrelated, and the correct choice is the largest of the three results 
With cables the requirement “least (capital plus running) cost” 
frequently indicates a larger size than either of the other bases 
and economic choice is then relevant to the engineer and should 
dominate his actions. " 

The feasibility of extending this method of choice to other 
electrical plant follows from two simple statements which can be 
categorically made: (a) The cost of the losses in electric power 
plant is usually as much as the cost of the plant itself (both 
reckoned on the same basis), frequently 2 or 3 times as much, 
and sometimes 5 or more times as much. (6) The losses can 
almost always be reduced by a greater capital expenditure. 

These facts are rarely appreciated by either designer or pur¬ 
chaser, and their full implication is almost completely disregarded. 

One reason for this disregard is the uncertainty as to whose 
business it is—whether it is a problem for the manufacturer or 
for the user and his consultant. If greater capital expenditure 
!s to be employed (beyond the minimum necessary to comply 
with existing specifications) in order to obtain smaller losses and 
lower total costs there is no doubt that the designer* is in a 
position to give the best value for this money. The user arrives 
iate on the field and can only select from existing patterns, none 
of which is probably ideal for his purpose. But In a fiercely 
competitive world it is difficult to sell a high-efficiency, higher- 
priced article unless large-scale publicity or corporate action is 
undertaken in order to create a demand. 

The manufacturer has no direct responsibility for, and may even 
disclaim any interest in, how his machine is used or what its per¬ 
formance is apart from output and reliability. He mayreason- 
ably say a spedfication to which I am asked thAvork, 

and my task is to turn out the cheapest machine complying with 
these requirements. If a.ciM.t-: values other: items such as effi- 
cienqy sp ^highly a$ to be prepared to pay more on this account 
he should embody^ spedficatioh.” 

It would certainly seem that the logical solution is to widen 
the basis of “the job’ r so as to include a certain minimum 
ttetoqy. Attractive though this plan is, there are several pitfalls. 
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There are situations in which, owing to a combination of low 
energy price and short hours of use, efficiency is comparatively 
unimifbrtarlt. Ifthe minimum efficiency is specified so low as to 
meet the least-cost requirements of these marginal situations, it 
will probably be no better than is already obtained through the 
operation of temperature limits and heat-dissipation considera¬ 
tions. If considerably higher efficiencies are called for, this will 
ensure a better machine for the great majority of situations but 
there will always be circumstances which will make such a 
mach&e extravagant. Variations in duties and tariffs are so 
considerable that the value of efficiency varies enormously with 
the situation; and any figure high enough to be worth demanding 
would be too high for some places, and might seriously embarrass 
the manufacturer when competing in markets where the writ of 
the B.S.I. does not run. 

There are other difficulties involved in an efficiency specifica¬ 
tion. A glance at the Tables in the present paper serves to show 

• not only what a large number of variables are involved but also 

* how many of these have qualitative as well as quantitative 
differences. The supply tariffs may be of any magnitude and 
of several different types. The use periods vary not only in 
length but in character, and have a varying probability of over¬ 
lapping the demand peak period. The loading within the period 
also varies, and the shape (as distinct from the height) of this 
loading curve affects the costs of certain of the losses. 

Finally, efficiency is too loose a term. If with efficiency we 
couple power factor, there are at least four different kinds of 
waste consumption which may be comprised within it, namely 
series copper loss, iron and shunt winding losses, friction loss 
and magnetizing consumption. Each depends on a different 

# variable and may have a different cash value. It would be quite 
' possible tq vary the proportions of these losses so as to get the 

same efficiency with entirely different economic results. 

(1.5) Method and Cost of Efficiency Improvement 

A difficult question to decide is what figure to estimate for the 
cost of building to a higher efficiency. The cost of making an 
article depends largely on the number required, and the cost of 
a single special machine would usually be fatal to any economic 
endeavour. Moreover, even the manufacturer with a perfectly 
free hand and a large potential market for the higher-grade 
product might find it difficult to estimate beforehand what the 
cost would be. The upshot is that far the simplest way of in¬ 
vestigating the economy of high efficiency is to postulate the 
under-running* of standard machines, based on existing ratings 
and manufacturing costs. Not only is it the simplest way of 
^obtaining data on which to work, but it is in many cases the only 

* possible method of implementing the results of the investigation. 

The point can be seen most clearly in the case of a machine 
without frlbtion loss, i.e. a transformer. Thus a purchaser re¬ 
quiring a 750-kVA transformer which is listed to have a full-load 
efficiency of 98*3% may have reason to think that his situation 
woulcfjustify paying extra to get an efficiency of 98 * 5 %. Finding 
that the next larger size, namely 1 000 kVA, is listed to have this 
efficiency, he can safely assume that the simplest and probably 
the cheapest way of securing such an efficiency is by buying the 
larger transformer and under-running it Ifthe under-ruiming 
isThe same in the two directions the full-load efficiency will be 
maintained intact on the lower output. Thus if he requires a 
l.v. output of 750 kVA at 400 volts he will order a transformer to 
give 1 OQpkVA at 460 volts, so that in operation he will be 
un^-running both iron, and copper by ^3%. (He^ffid^f 


* Under-running, on economic grounds, must be dearly 
loading, jut iisuaHy practised. The former means reducing both the non 
copaSrdms^^^s^ti^^pcopoitkms, whereas the latter is a reduction of the currwit 
loading only. • ■ 


running according to the initial values of the losses, but it does 
not follow that he would obtain a higher degree of economy.) 

Summing up, it may be said that there are, broadly, two 
methods of efficiency improvement, the qualitative and the quan¬ 
titative. The former is likely to be more effective, since a design 
which is deliberately aimed at high efficiency from the outset 
may, by the use of higher-grade materials and more expensive 
assembly, avoid the necessity for bigger frame sizes. The latter 
method, consisting merely of the employment of larger amounts 
of the same active materials, involves larger structures whose 
additional friction may nullify some of the gain. This method, 
which is the only one envisaged in the present paper, therefore 
represents the irreducible minimum; and one may assume that, 
if a case for improvement can be made out on this basis, a much 
better one will lie by the other method when available. 

(1.6) Single Example 

A situation in which efficiency improvement is almost always 
worth paying for occurs with induction motors operating long 
hours on a medium or high tariff, particularly if there are power- 
factor penalties. An example of this is given below, and it also 
serves to illustrate the procedure of under-running for efficiency 
improvement. 

Let it be supposed that the service required is 8 h.p., 970 r.p.m., 
on a 400-volt 50-c/s circuit, and that a protected-type squirrel- 
cage motor is called for. It will further be assumed that the 
motor is connected for 46 hours a week with a mean load during 
this period of only 70 % of the rated output (i.e. 5j h.p.), but with 
a full 8-h.p. load at the time of the consumer’s peak. The 
following calculation is based on prices ruling some years before ^ 
the war, and the tariff is taken at a normal figure for l.v. industrial 
supplies, namely £6 per annum per kW or per kVA plus 0*5d. 
per kWh. 

A motor to the above specification was tendered at £11 10s. 
with full-load efficiency and power factor of 85% and 0*90 
respectively. The electrical losses were made up of 300 watts 
iron loss, 560 watts full-load copper loss, and 3 360 VAr mag¬ 
netizing consumption. Although these losses are, if anything, 
below the average for this size of machine, their cost on the above 
duty is £7 1 Is. per annum on the kW tariff and £12 5s. p.a. on 
the kVA tariff Thus even without power-factor penalties the 
iron and copper losses cost each year two-thirds of the motor * 

purchase price. V 

The ideal way of applying economic choice to the above 
situation wbuld be to re-design the machine, using more or better 
active materials, higher-grade insulation and a more compact 
assembly, so that the losses were smaller and the magnetizing 
current less. Tf theFe were any increase in friction due to larger 
size of frame this could be more than balanced by decreased fan 
losses (less internal heating having to be dissipated). But a 
special machine is expensive to manufacture, however cheap it 
may be to run, and such a plan would be justified only if a large 
order were concerned. For a single motor the simplest pro¬ 
cedure is merely to use the next largest (standard) machine and 
under-run it. •• 

In the present case the 10-h.p. motor of the same manufacture 
is priced at £13 IDs , with full-load efficiency and power factor 
i of 86% and 0*91. If this machine is ordered for 440 volts and 
is then run at 8 h.p. on 400-volt mains (so that both copper and 
, iron will be working at about 10% below rating), its losses and 
magnetizing consumption will v be materially less than those^ of 
ffie standard 8-h.p. size. -The annual cost of theatrical losses; ; 
on the kW tariff will be £7 3s*, which represents a saving of 8s. 
per ann um over the smaller machine. This saving can be 
capitalized over a 20-yfear life- at a present worth of about £5, 
so that the saving is 2J times the cost of obtaining it. Another 
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way of putting it would be to say that the extra cost of the larger 
machine would be recovered in the first 5 years of operation. On 
the kVA tariff the extra cost would be saved in a single year’s 
electricity account. 

(1.7) General Case 

The above type of economic choice between specific alternatives 
is a fairly obvious one. It has been treated elsewhere by the 
present author and others,* and no further examples need be 
given here. When two (or more) alternative quotations are 
tendered for the same service, one at a higher price and efficiency 
than the other, it is a comparatively easy matter to select the most 
economical machine for any given set of conditions. The 
objections to these ad hoc calculations are as follows: 

(a) Working conditions vary so enormously and machine sizes 
and types are of so wide a range that one might work out many 
hundreds of such cases and still establish no general principle. 
(b) Owing to the exigencies of standardized manufacture it is not 
very often that a clear-cut alternative of price to efficiency is 
available, (c) Such a choice can only be made between two or 
/ ^ee distinct alternatives, whereas to find the true point of 
economic rating one must be able to envisage the choice in terms 
of small gradations over a complete range of alternatives. 
id) As already explained, efficiency is too broad a factor and must 
be analysed into its component parts. Choice based merely on 
this overall efficiency value, and proposals for under-running in 
the rough undiscriminating manner illustrated in the above 
example, will never yield the optimum economic results. Thus 
in the above case it will be found from later results that the 
correct procedure would be to under-run the copper alone on 
the kW tariff and the iron alone on the kVA tariff. 

What the present paper attempts is not so much a set of 
particular cases as something in the nature of a general solution 
It endeavours to survey, though only in outline, the whole situa¬ 
tion as regards the economic choice of constant-speed motors t 
and large transformers. It describes a method (and tentatively 
some values) for establishing the point of economic ratings with 
particular reference to the economics of higher effipi>nn>s ob¬ 
tained through lowered outputs from existing frame-sizes. It 
endeavours to discover for what sort of situation the existing 
designs are economic, and how far. such designs are wrong for 
the average case., The results of such an inquiry should indicate 
the kmd of situation where economic choice is feasible, i.e. where 
it is likely to indicate a bigger capital outlay than the minimum 
necessitated by existing output requirements. 

For this purpose a special technique of economic choice has 
been developed, as described below. In the foregoing case a 
larger machine than necessary was installed in order to save 
losses: in effect, more iron and copper was purchased so as to 
reduce the flux and current densities. When carried out by the 
purchaser, such a procedure can only take place in jerks (a 10-h.p. 
size instead of an 8-h.p., and so on)—it is in no sense a continuous 
function. But it can, in theory, be regarded as one step in a con¬ 
tinuous process, and if carried out by the designer it might be 
so in practice. Something like a general mathematical solution 
then becomes possible. 

(1*8) Technique Employed 

Data, are first obtained for a complete range of standard 
machines of the required type and speed. The prices and thb 
chief losses are expressed as functions of the normal horse-power 
or kilowatt output. It is found that in every case these can be 
very closely represented by a simple power less than imity'-i.e. 


P*=kH , where P is the price, the power lost or the magnetizing 
consumption, H is the normal horse-power or kilowatt output 
and k and n are constants, n being less than unity. '' 0 F ’ 

The method followed is roughly that indicated in the hypo¬ 
thetical example on page 195 except that each group of losses 
is taken in turn, and only a very small change is considered.' 
This has the advantage that it is then quite immaterial whether 
an increase or a decrease in rating is postulated. For if, say a 
1 % increase in current density produces a certain overall’econo- 
mic result, a 1 % decrease will produce an exactly equal and 
opposite result. 

Let it be supposed that the required output is in the neighbour¬ 
hood of 100 h.p., and that a standard machine A is listed to give 
exactly this output (at the required speed) at a certain price and 
with stated losses. Consider now the extra cost of obtaining a 
1 % larger output at the same speed, by various alternative means. 
If a standard machine B were listed to give this output, its price 
and losses would be indicated by the formula P = kH n where H 
has the value 101 instead of 100. This does not mean that a 
101-h.p. motor could actually be purchased for this (since such 
a size is unlikely to be listed) but merely that, if it were, its cost 
based on existing mean prices over the range would be this much. 
The losses are connected with horse-power in a similar manner. 

, Now if P = fcff* the effect of small changes SP and SIT is given 
by bP/P = nbH/H, i.e. the proportional change in P is n times 
the proportional change in H. Thus if n were 0- 8, a 1 % change 
in IT would produce a 0 -8% change in P. The extra cost of 
and the extra losses* due to, 1 additional horse-power at this point 
of the range can thus be calculated for the normally ratecj, plant. 

m the second place, suppose that physical limits allow the. 
mitral size of motor to be run with 1% greater current density. « 
The output will increase by 1 % and the copper loss by approxi¬ 
mately 2%. (The precise value for this and other indices is 
discussed in Section 2.) The price and other losses will be un¬ 
altered. Thus the cost of obtaining 1 extra horse-power by this 
means, which may be called A', will be merely the cost of this 
extra copper loss. 

Provided each of the losses can be given a capitalized value it 
is then possible to compare the overall cost of 1 additional horse¬ 
power by two different means, a larger machine B and an over¬ 
run machine (in the current direction) A'. If A' is materially 
cheaper then it is evident that the normal current density is below 
its economic value; and if physical limits permitted there would 
be an economic advantage iq pushing current densities up, not 
merely by 1 % but probably by an appreciable amount. If, on 
me other hand, B is materially cheaper, then the present current 
densities are too high economically for the situation considered, 
and a reduction would save money for the user. Such a re¬ 
duction might prove advantageous over a considerable distance, 
re. there might be a case for paying for a materiaf increase in 
the efficiency (in respect of copper loss). 

As a third possibility (starting again from the initial machine 
A), suppose instead that the flux density can be increased by 1 %. 
This also will give a 1% higher output machine A’ at the 
initial purchase price but with larger iron losses and magnetizing 
consumption. The overall costs of the extra horse-power gained • 
m this way can be compared with that of the standard-bating larger 
frame-size B. As in the other case, the overall costs m$v*show 
am advantage or a disadvantage in' the over-run machine. 

• ~ tter > an equal advantage would lie in under-running. 

It will be seen that the technique employed is to .take each 
group of active materials in turn and to explore the ecoiwmic 

has b^ 1 j^2t^ S and I oTitv l #h?^f °f the larger frame-size machine 

becauSrafthoSh a fv ^ have been considered. This is : >- 

larce? bearWT ger frame-size machine must be expected to have slightly 

StS^SteSf smaUermachii^eno^n 8 ^ 

Ohere^beiagho fa ? 1 2! ses ; These have also been neglected 

omissioiS^ &e com^^ j 
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effects of small changes in the quantities of these materials. The 
economic rating point (or point of cost equilibrium) in respect of 
any suth material may be said to be reached when a small change 
in its quantity or quality produces equal and opposite effects 
on the cost components and therefore zero effect on the overall 
cost. At this point an additional £1 of capital expenditure just 
saves losses valued at £1. If physical limits did not exist, the 
correct design would be to expand or contract every element 
capable of independent variation until each in turn reached this 
economic rating point. In economic parlance, if the copper, 
iron, etc., be regarded as being added to the structure in a series 
of small increments or doses, there comes a point when a condi¬ 
tion of economic saturation is reached for that particular variable. 
The increment at this point is described as the “marginal dose” 
or as having marginal utility, since the gain thus obtained only 
just pays for its cost. 

It will be obvious that the above process only gives the correct 
•economic choice, not the correct engineering choice. Since 
temperature rise, regulation and all other physical limits have 
bed! neglected, the correct size economically may well prove to 
be unacceptable on one of these other grounds. As already ex¬ 
plained, each of the several bases of size determination must be 
worked out in turn, and the largest of the sizes indicated should 
then be specified. 

(1.9) Worked Example 

Consider a 1000-r.p.m. cage-type machine for which H 
= io h.p. (values correct to two significant figures only). The 
various constants employed are explained in Section 2, but 
references to the actual Tables are given below. 

Normally Rated Machine (A). 

Line * • ♦ 

L Price = 2 * 4H 0 ' 75 (Table 6) ” (£) ' 13 * 5 

2. Copper loss « 0T06//°‘ 79 (Table 6) = (kW) 0-66 

3. Iron loss - 0 055# 0 ’ 80 (Table 6) = (kW) 0*35 

4. Magnetizing consumption = 0*66# 0 ’ 78 (Table 6) — (kVAr) 4*0 

The following are the extra costs (by three methods) necessary 
to get 1% more horse-power, under conditions of “cheap” 
capital, “medium” energy price, Duty 4; first without, and 
secondly with power-factor penalties. 

Method 1: Using 1 % Larger Machine (JB), 

Line. . 

5. Extra plant cost = 0*75% of 13*5 . . . 

6. Extra copper-loss cost = 0*79% of 0*66 x 54 

(T^blc 5) 

7. Extra iron-loss cost = 0*80% of 0*35x83 

gable 5) 

8. Total, excluding p.f. penalty 

9. Extra magnetizing cost = 0*78% of 4*0x 26*8 

(Table 5) 

10. Total, with p.f. penalty 
^ Methdti 2: Using Over-run ( Copper) Machine {A!). 

Line. n/ _ " • ■ 

11. Extra copper-loss cost = 2* 1 % of 0*66 x 54 

12. Balance against over-running if no p.f.p. 

(Line II—Line 8) [Ratio 2*3] 

13. Balance for over-running if p.f.p. . • .. _ 

(Lin£ 10—Line 11) [Ratio would be negative] 

Method 3: Using Over-run (Iron) Machine (A /r ). 

Line. 

lirExtra iron-loss cost = 1*9% of 0*35 X 83 

15. Extra*magnetizingcost = 4% of 4*0 x 26*8 

■ x • 

16. Total, with n.f. penalty 

17. Balance for over-running if no p.f.p. 

(Line 8—Line 14) [Ratio 0*4] 

18. Balance against over-running if p-f.p. 

(Line 16—Line 10) [Ratio 35] 


= (£) 0*10 
= 0*28 
■= 0*23 
= C161 
- 0*83 
= 1 44 

= 0*75 
= 0*14 
= 0*69 


= 0*55 
= 4*27 

= 4*82 

= 0*06 

= 3*38 


( 1 . 1 0) “Economic Advantage” Ratio 
When the figures show a considerable disproportion between 
the alternatives it is convenient to express the extent of this. in 
the form of a ratio. Thus, suppose that the larger frame-size 
machine (B) costs £5 more in purchase price., but that the smaller , 
machine when over-run (in a specified direction) so as to give 
the same output has extra losses (in excess of B*) costing £15, 
The contrary action is therefore indicated, and, by the same 
figures, under-running to the extent of £5 extra expenditure on 
plant would save £15 in losses cost. There is then an economic 
advantage for under-running represented by a ratio of 3 to 1. 

In mechanics one speaks of the “mechanical advantage” of a 
lever or machine in the form of the ratio between the forces' 
(effort and load) on the two sides. The term “economic advan¬ 
tage” is here used to indicate the corresponding ratio resulting 
from any given change (= financial return divided by expenditure 
required to obtain it). The return and the expenditure must of 
course be evaluated on a common basis, e.g. annual costs or 
capitalized costs. Another point is that the “financial returns” 
are the gross returns after subtracting any advantages accruing, 
to the other machine but exclusive of the capital expenditure. 

The example worked above shows the results in the form 
of differences, but it can easily be extended to show ratios. 
Thus for machine A' the figures* show that without power- 
factor penalties there is an excess loss due to over-running the 
copper by 1%, the cost of which is 0* 75 (Line 11) minus 0*51 
(Lines 6 and 7) = 0*24. Conversely, there would be a gain of 
this sum due to under-running by that amount. Now the cost 
of under-running by 1% is the extra plant cost of purchasing a 
1 % larger-output machine, namely 0*1 (Line 5). The quotient 
0*24/0*1 = 2*4 (more exactly, 2*33) is then the “economic 
advantage” ratio. (Figures given in square brackets.) 

The result given in Line 12 could therefore be expressed by 
saying that extra expenditure on copper would save losses worth 
2J times this expenditure, when evaluated on a common basis. 
Comparing annual with capital costs, the extra capital expendi¬ 
ture would be recovered in 11*8 *— 2J = 5 years of operation. 

It will be noted that the “economic advantage” ratio may be 
less than 1 or even negative. A ratio of less than 1 means that 
the gain from under-running is less than the plant cost of ob¬ 
taining it and that under-running is disadvantageous. A frac¬ 
tional value therefore shows that under-running is contra-^ 
indicated. When the calculated ratio comes negative (showing 
that the larger machine actually costs more in losses than the 
smaller machine) this is represented in the Tables merely by a 
minus sign, since the numerical value has no practical significance. 

A negative sign therefore indicates that under-running results in 
a loss even apart from the extra plant cost. 

The results of the present paper are all expressed in the form 
of this “economic advantage” ratio. Thus a figure of 3 in 
Tables 7 and 8 shows that under-running is advantageous, and 
that for small changes in that direction the return will be 3 times . 
theexpenditure^^ or reduced costs are worth 

3 times the extra capital incurred. A figure of 0*5 shows that 
over-running is advantageous, and that a small increase in rating 
will be worth twice the cost of making it . ^ ; 

(2) NOTES ON TABLES. RESULTS AND CONCLUSIONS 
(2.1) Bases of Comparison 

It is axiomatic that one cannot compare different kinds of 
and when a capital e has to be Weighed against 

: ah annual saving they naust both be jput on the same basis for 
any exact comparison. The two commonest bases of economic 
appraisal are total capitalized costs (over the lifetime of the plant) 

* Nnte that t he comparison must be made on the basis of identical outputs. Jleisce 
with those of the large frame-size normally-tated machine B. 


. 
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and total annual costs. The two give identical results, and both 
equally require estimates of useful life and rates of interest. In 
fact, no decision- involving a comparison between present and 
future occurrences can be made without an implicit judgment on 
these two points. In the present paper the capitalized-costs basis 
has been employed throughout, quarterly payments being assumed 
for all items. 

An alternative, less precise, method of comparison is preferred 
by some industrialists who dislike the hire and life assumptions 
{interest and depreciation) necessary for the above methods. 
Particularly when an extra capital expenditure is mooted in order 
to effect an'annual saving, the commercial manager may require 
a more forceful mode of expression before he will sanction any 
avoidable outlay. He may then wish to know what is the period 
of years within which he can expect to see his money back. 

An effective plan then is to express the simple ratio of the 
capital expenditure to the annual saving. Since the annual costs 
in this paper have been capitalized by multiplying these by 11- 8 
it is only necessary to divide 11 • 8 by any one of the ratio numbers 
given in Tables 7 and 8 in order to get the time, in years, of 
this capital “return period.” (See example in Section 1.10 
regarding machine A'.) 

(2.2) Life and Salvage Value 

The economic life of a machine is the length of time for which 
it is useful in its original capacity and situation. At the end of 
this time it may still be in working order, or even “as good as 
new,” but owing to some change or other, economy requires its 
replacement by something different. Its salvage value then will 
be only a small proportion of its initial cost. If an induction 
motor or transformer is used right up to the point of being 
completely worn out or obsolete its life may well be 30 or more 
years, but its value then will be merely a scrap or break-up figure 
and barely sufficient to pay for removal. A more likely figure 
for the economic life will be from .15 to 25 years, with a 107 
salvage value at the end of the time. 

In the present paper a uniform life of 20 years has been as¬ 
sumed, with zero salvage value at the end. This represents only 
about 18J years with a 10% salvage value, and so it may be 
regarded as a conservative estimate. In order to cover all other 
likely cases Table 1 has been prepared, showing how the results 
of the paper can be modified to suit othdr life assumptions. 


(2.3) Capital Charges . 

The capital charges have been calculated for two different 
situations, described as “cheap capital” and “dear capital.”* The 
former, representing public corporations,'' large utility under 
takings, etc., assumes an interest rate of 5% on the loan and 
H % on the depreciation reserve (or 5|% when the rate is the 
same on both). The latter, representing those bodies less 
favourably placed in the matter of credit facilities, assumes IV 
on the loan and 5% on the reserve fund (or nearly 8% as an 
overall figure). r 

Table 2 gives the total percentage allowance (to cover interest 
and depreciation) which has to be made when using the annual 
costs basis. It also gives the corresponding figure required for 
the capitalized costs basis, namely that which has to multiply 
all annual sums in order to express their present capitalized value 
(It will be realized that the figure of 11 - 8 is the present worth of 
20 end-of-year payments of £1 at the appropriate rates of in¬ 
terest, and is the reciprocal of ^.) , 

(2.4) Supply Price ^ 

Referring to Table 3, the price paid for the supply,at any 

point is taken as being comprised in one or other of the three 
sets of figures given, under the headings “cheap,” “medium” and 
dear.” The figures under cheap energy are intended to repre- 
sent a bulk-supply price, or the costs of an efficient private 
station situated near or at the point of utilization. They are in 
round figures, the pre-war Grid tariff. Medium energy is’in¬ 
tended to coyer a.c. supplies at either high or low voltage in 
situations which are normally placed as regards supply costs 
Dear energy is for l.v. supplies at points where the distribution 
costs are high or where consumption is on a small scale. 

These figures are in a fairly uniform sequence of 2,: 1 in 
magnitude, but they are cast into a two-part form with different 
ratios between the two parts. Hence, by using suitable multi¬ 
plying factors, one or other will serve for any two-part tariff 
likely to be met with. 

(2.5) Power-Factor Costs 

In Table 3 it is assumed that variations of power factor affect 
the fixed charge only and not the running charge. It is further 
assumed that the form which the charge takes is that of a flat 
rate per annum per reactive kVA. Over the working range of 

Table 1 

Useful Life of Plant 


Assumption 

Multiplying factor for Tables 5, 7 and 8 j 

i 

Cheap capital 

Dear capital 

25 yr, zero salvage value ). .. 

20 yr, zero salvage value; or 184- yr with s.v. 10% of first cost “ " ’ 

} 5 n S’ ^ ^ 0r in yr with S.V. 15%. of first cost .. 

10 yr, zero salvage Value; or 8J yr with s.v. 20 %* of first cost .. .. ‘ 

41 JLhese figures have been taken becAm* if o __ 71*. . . - 

112 

100 

0*84 

0*63 

— —7*7* -*- T,' - - 

0*94 * 

V . ' 0*85 

0*73 

0-57 


Table 2, 

Capital Charges (20-year Life) 


. 

Rate of interest— 

1. On loan 

On sinking fund 

Equivalent rate if 
same on both 

Cheap capital .. 

Dear capital .. ... 

U0V 

■ W\ 

Si% 

7*% 


Combined charge for interest and 
depredation ‘ 


5 + 3*47 = 8-47% 
7 + 2-^4 = 9*94% 


V*' 


Capitalizing 

coefficient 


U*$ 
IQ-06 
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Table 3 
Supply Price 


• Energy referred to as . . 

“Cheap” 

“Medium” 

“Dear” 

Running charge (per kWh) . 

Standing charge (p.a. per kW) .. 

Numerical ratio between parts. 

Power-factor charge (p.a. per lcVAr) 
Corresponding annual p.f. penalty (at about 0* 8 
Corresponding p.f. penalty per kW per 0* 1 p.f. i 
Corresponding overall price per kWh on 25 % lo 

p.f.) per extra kVA of demand .. 

•eduction. 

ad factor and 80% power factor .. 

0*2d. 

£3 

15 

15s. 

25s. 

4s. 6d. 
0*54d. 

0* 5d. 

£6 

12 

£3 

£5 . 
18s. 

1 * 3d. 

Id. 

£10 

10 
£6 
£10 
‘ 36s. 

2*4d. * 


Table 4 
Duties 


Duty 

1 


Mean load during 

Overall load factor 

f 

Examples 

No. 

Connection 

Fh 

connection F# 

Ft ~ Fd x 

1 

Continuous 

100% 

70% 

70% 

Pumping and ventilating motors, booster 
and balancer sets 

2 

Factory hours 

27-4% 

70% 

19--2% 

Motors driving line shafting. Industrial 
machines in constant use on fairly 






steady loads 

3 

Factory hours 

27-4% 

35% 

9-6% - 

Industrial machines in constant use on 
highly fluctuating loads 

4 

One-half of factory hours 

13-7% 

70% 

9-6% 

Individual-drive motors having only 
moderate use 

' 5 

One-quarter of factory hours 6 * 8 % 

70% 

4-8% 

Individual-drive motors where use only 
occasional 

1A 

Continuous 

100% 

35% at unity p.f. 

or 28% at 0-8 p.f. 

Supply transformers 


power factor (say 0*95 to 0*65) this is very nearly the same as a 
flat rqte per unit change in power factor per kilowatt of demand. 
Thus in tile case of the Grid tariff a charge of 4s. 6d. per annum 
per kW of demand is made for each 0*1 reduction in power 
factor below 0* 85. This is approximately 15s. per annum per. 
reactive kVA over the normal power-factor range, and this figure 
has therefore been used for the “cheap energy” price figures. 

In the case of many Lv. power tariffs the power-factor penalty 
takes the form of a fixed charge per kVA of demand. In terms 
of reactive kVA this will produce a varying penalty depending 
on the particular consumer’s power factor. Thus, with a fixed 
charge of £10 per annum per kVA of demand, the penalty per 
reactive kVA would be £3 at a power factor of 0* 95, and £7 12s. 
at a power factor of 0*65. A uniform figure of £6 has been 
assumed for the “dear energy” figures, which will therefore 
represent roughly* a plain kVA tariff* when operating at a power 
factor of 0 * 8* In the case of the medium-price energy an inter- 
*mediate figure has been assumed. 

# (2.6) Duties 

In Table 4, five sample duties have been selected for the motors 
and one for the transformers, representing load factors ranging 
from 70% to under 5%. In general the term “load factor ” indi¬ 
cates the ratio of the mean load to the maximum load over a 
given period. As, however, these factors vary in kind as well 
as in degree, some further explanation is necessary. In what 
follows, the expression “maximum load” means the figure that 
would be accorded on a maximum-demand meter, i.e. the largest 
load # (&veraged over the integration period such as half an hour) 
which comes on to the machine once or oftener in each demand- 
assessment period. It is not concerned with any momentary or 
short-period loadings which may arise, nor does it necessarily 

* it will be appreciated that a charge of £6 per reactive 
if charged onthewSble of this kVA, startffig from umty p.f.,but M wFS 

figure for changes in kVA. Therate^of ch^eof Uggi^ kVA ^r^bve WA» 
equal to sin <f>, which has a value 0-6 when cos_<i * 0^. % Si Street 

the which is tinder consideration, a price of £6 rar^nattrin«VkVA 

equivalent (at a working p.f, of 0*8) for a tapff which charges £10 per nagging; kva 
of demand. ---I. 


comciae wire me nominal iuu-ioau ^ m«vumv, *** 

though on the normal basis of selection it can generally be taken 
as coincident. 

There are three load factors concerned in the problem, which 
may be defined as follows : The load factor during connection 
(F d ) is the ratio of the mean load averaged over the period of 
connection to the maximum load as defined above. The “hours” 
load factor sometimes called the “connected” load factor— 
is the ratio of the connected hours to the total hours, e‘.g. in the 
case of a yearly factor it is the hours of connection per annum 
divided by 8 760. The overall or total load factor (F t ) is the 
true factor, taking into account all sources of under-loading. - 
Evidently F t = F d x F h . A reasonable assumption for factory 
working hours is 8 hours a day and 300 full days a year (e.g. 
48 hours A week and 50 weeks a year). The “hours” load factor 
is then equal to 27*4%. , . t . v - 

There is yet another load factor, not quite^ m the line of these 
three, which is important in connection with diversity factor. 
This is the mean load during the factory hours (expressed as a 
ratio of the maximum load) and is referred to subsequently as 
the factory-hours load factor. It can be found by taking the 
overall load factor and multiplying it by the ratio which the 
total hours bear to the factory hours. It would coincide with 
the factor F d , as defined above, in the case of a machine which 
was connected for the whole of the factory hours. 

Whilst results are given for all five duties it may be useful to 
indicate be regarded as typical industrial 

service. From figures given in the-Census of Production for the 
units consumed per horse-power installed it \vould appear that 
the average motor load factor is about 11 % in the case of pur-* 

chased electricity and 16 % in the ca^ of works generation, he. the 

: average lies between Duty 2 and Duties 3 and 4. 

•i-S : (2*7) Fixed Cost and -Diversity - 

The annual fixed cost of supply is the standmg charge^ the 
tariff, $er kilowatt per annum, multiplied by die number of 
kilowatts of demand registered by the consumer VnfcSter, 
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Table 5 

Capitalized Cost of Losses (£) 

I indicates the capitalized cost of\ kW of series or copper loss 
E ' indicates the capitalized cost oflkW of shunt or iron loss 
R indicates the capitalized cost of 1 kVAr of magnetizing consumption 


Duty No. 

1 

2 

3 

4 

5 

1A 

Cheap energy < 

[F 

E' 

U' 

76*3 

122 

8*85 

41*8 

59 

8*85 

23*4 

59 

8*85 

25*4 

38*6 

6*7 

15*7 

26*2 

5*07 

35*3 

122 

8*85 

Medium energy • 

\F 

E' 

R' 

176 

286 

35*4 

90 

130 

35*4 

49. 

130 

35*4 

54 

83 

26*8 

32*9 

55*3 

20*3 


Dear energy «j 

Thftfift •fianrAO on. 

r /' 

E' 

" R' 

An1« 

334 

548 

70*8 

r ‘<-1 _ 

161 

236 
• 70*8 

85*3 

236 

70*8 

95*5 

148 

53*6 

57*7 

97*2 

40*6 



c -. wapucu aiiu zu-year me. 

-by the factors given m Table 1. To find annual costs, divide by 1T 8. 

the machine in question is separately metered this demand 
reading will be the total full-load loss of the machine (constant 
and variable), and the same is true for collective metering when 
' ** machine is connected throughout the working hours of the 
factory and is on full load all the time it is connected. In all 
other cases there will be a diversity between the maximum 
demand of the machine and the maximum demand registered 
on the factory meter. This is because a machine which is only 
- connected for 4 hours in an 8-hour factory day will only have a 
certain factor of probability of coming on to the factory peak. 

It will further be evident that this diversity factor will be in- 
versely related to the factory-hours load factor, although some¬ 
thing less than a direct reciprocal. A machine connected 4 hours 
out of 8 is more likely to overlap the peak than one connected 
only 2 hours out of 8, but it will not be twice as likely. In the 
absence of data it is only possible to surmise, and then to embody 
the guess in an empirical relationship. A formula constructed 
by the author assumes a diversity factor of (1/F>, where F 
is the factory-hours load factor and m is a constant less than 
- In the P a P e r m has been taken as 0-6 for the variable 

losses, and 0-4 for the constant losses and for the magnetizing 
consumption. 

(2.8) Running Cost: Copper Losses and Load Factor 
running cort will be the annual kWh of loss consumption 
multiplied by the running charge of the tariff in pence per kWh. 

The loss consumption comprises the constant lbsses, at their full 
value for the period of connection, and the variable copper losses. 

The annual value of the copper loss cannot be found merely 
from a knowledge of the load factor: the shape of the load curve 
must also be known. There are several ways of estimating this 
w “f n ^ re P resen t ative yearly curve is not available, and the 
subject has been fully discussed elsewhere.* Very briefly it may 
be said that when die actual load has an annual load factor of 
,£lhe load factor of the copper losses (i.e. the actual annual loss 
divided by what the loss would be if the full load were con- 
topotK) must lie between the two extremes F (as a maximum) 
and F (as a minimum). A midway value has been found to be 
too nigh, and the value here assumed is 0-3F+ 0*7F 2 "ihe 
yalue of F must of course be the load factor during connection 
\ra). , ■ _ • ■ ■/' 

. Asan example of the above it will be noted that Duties 3 and 
4, although they have the same overall load factor, will not have 

JPowlTmtvt, “ b 1 1 2?* raph5 ' of this point see D. 1. Borrow: World 


the same copper loss. For since these losses are proportional to 
current squared, it follows that (for the same mean current) 
plant having a high load factor during connection and short 
hours of connection (Duty 4) will have higher copper losses than 
plant having a smaller current spread over a longer period 
(Duty 3). 

(2.9) Cost of Losses 

In order to show how the values in Table 5 are arrived at, it 
will be sufficient to work out, a single comprehensive example. 
Cohsider for this purpose Duty 4, medium energy price, and 
take in the first place the cost of 1 kW of iron or other “shunt” 
loss (independent of loading). Connection is for half the factory 
hours, and so the diversity factor with the factory meter can be 
taken as (1/0-5) 0 ' 4 = 1 -32. The fixed charge at £6 p.a.perkW 
is therefore 6/1 *32 = 4*54. The running charge at 0*5d. per 
kWh is 4 (hours a day) x 300 (days a year) x 0*5/240 « 2*50. 
Total cost for 1 kW of iron loss = 4*54 + 2*50 = £7-04 per 
annum, which can be capitalized by multiplying by 11*8, giving 
a total of £83. 

Next consider the cost of 1 kW of “series” or copper loss 
(dependent on loading). The load factor during factory hours 
® 7 = 0; 35 > so that the diversity factor can be taken as 

(1/0 -35)° 6 = 1-88. The fixed charge is therefore 6/1 * 88=3 *19. 
The load factor during connection is 0* 7, and so the load factor 
of the losses can be taken as 0*3 x 0*7 + 0*7 x 0 7 2 0*553. 

The hours of connection are 4 X 300, and so the running charge" 
is 0 *553 x 4 x 300 x 0* 5/240 = 1** 38. Total cost for 1 kW of 
copper loss = 3*19 -1- 1 • 38 = 4*57, which can be capitalized by 
multiplying by 11 * 8, giving a total of £54. 

The cost of the magnetizing component follows the lines of 
the cost of the iron loss (fixed-charge portion only). Af £3 per 
reactive kVA the cost is therefore 3/1*32 = £2*27 per annum, 

r^ C o n be capitalized by.multiplying by 11-8, giving a total 
oi £26*8. 


(2.10) Machine Losses: Effect of Changes in Rating 
Table 6 shows the listed prices and consumptions for xcrious 
ranges of motors and transformers. ' The figures are all expressed 
in the form P = kH n > where H is the normal rated Jh.p. or MVA 
output. The figures for the motors are, it is believed, typical 
values for the period round about 1935, whilst the transformer 
figures are taken from a paper by C. W. Marshall.* 

^ eflFeet of, say, a A % change in output in the case of 

p.*105T he LoWer “ Volta 8 e Sections of the British Grid System,” journal /.££., 1934,74, 








203 


BOLTON: THE ECONOMIC RATING OF MOTORS AND TRANSFORMERS 


Table 6 
Plant Data 


P—kH”, where Berated output in h.p. or MV A; and P~ price in £, power loss in watts,or magnetizing consumption in VAr 



Speed 

> Range of 

Price 

Copper loss 

Iron loss 

Magnetizing loss 


(r.p.m.) 

sizes (h.p.) 

k 

n 

k 

n 

k 

n 

k 

n 

*Squirrel-cage .. .. 

1500 

1 to 100 

1-57 

0-83 

120 

0-74 

65 

0*77 

480 

0*82 

Squirrel-cage .. 

1000 

1 to 100 

2-4 

0*75 

106 

0-79 

55 

0*80 

660 

0*78 

Squirrel-cage .. 

750 

5 to 100 

2-8 

0-76 

97 

0-82 

57 

0*82 

880 

0*77 

Slip-ring 

1500 

5 to 100 

3-2 

0-72 

130 

0-74 

61 

0*76 

630 

0*78 

Slip-ring 

1000 

5 to 100 

3-9 

0-71 

110 

0*80 

33 

0*98 

680 

0*82 

Slip-ring 

750 

5 to 100 

5-3 

0-66 

120 

• 0-78 

42 

0*92 

870 

0*81 

D.C. shunt 

1500 

1 to 50 

3-5 

0-73 

92 

0-74 

160 

0*50 



D.C. shunt 

1000 

1 to 100 

5-5 

0-68 

180 

0-69 

140 

0*58 



D.C. shunt 

750 

1 to 100 

7-1 

0-66 

160 

0-73 

85 

0*70 



D.C. shunt 

500 

20 to 100 

10-9. 

0-64 

360 

0*60 

60 

0*74 





MVA 


- 







Transformer, 33 kV on h. 

v. side .. 

0-3 to 20 

750 

0-61 

10 700 

0*92 

5100 

0*61 

48 000 

0*71 

Transformer, 66 kV on h.v. side .. 

2*5 to 45. 

1 380 

0-45 

7 380 

1*03 

5 420 

0*69 , 

53 600 

0*70 


normally rated machines can be calculated from this Table, 
using the formula S P/P = nhH/H* The next step is to study 
departures from the standard ratings, i.e. the effect on the losses 
of changes in current and pressure loading. 

The losses of an electrical machine can be placed in three 
groups, according to whether they are functions of the load 
current, the applied potential or neither. In symbols, losses 
— al\-f bE p + C, where / and E are the current and voltage 
respectively. It will be sufficiently accurate to regard / (which 
«here represents only the current through the series windings) as 
proportional to the output loading, and to regard the flux density 
in the core as proportional to the line voltage E. The compo¬ 
nents of the three groups are then as follows: 

A. (Functions of /)— 

Series copper loss a = 2 + f 1 

Stray load loss a — ? [• Take as 2* 1 

Constant p.d. losst a=l J , 

B (Functions of E )— 

Hysteresis loss /?~l*6toT8Y 

Eddy-current loss = 2 > Take as 1 • 9 

Shunt copper loss £ = 2 -f J 

C. (Independent)— 

Friction and windage 

In considering the effect on the rated efficiency of under- 
running in either the I or E directions, only Groups A and B are 
considered. The reasons for neglecting any change in Group C 
(rotating*machines) are given in the footnote to col, 2 of page 
198. Further simplification is necessary if any practical results are 
to emerge, apd in this paper the whole of Group A is taken as 
operating at an index of 2* 1, and Group B at an index of 1*9. 
Such figures are necessarily compromise values, and in the former 
case the excess over 2 is purely empirical since the copper 
temperature-rise depends on several factors besides the current 
loading (e.g. the time element and the other losses). But since 
a sustained full-load temperature rise of, say, 50 deg C in the 
windings will mean a 20% increase in resistance, the effect (even 
if not calculs&le) is far from negligible. 

Grotip A will be referred to in this paper as the ’“series” or 
“copper” losses (symbol/')and Group B as the “shunt 55 or “iron” 
losses (symbol £"). Should Group C losses require evaluation at 
any time they can be combined with Group B to form one group 
of “c«3nstant” losses, and the costs scheduled in Table 5 for the 

* See Section 1.8. * 

J The reason for this index differing from 2 is the positive temperature coefficient 
of the copper. 

t For example, brush contact loss in Commutator machines and electrode drop in 
'' rectifiers. 


iron losses will apply without exception to the whole of these 
constant losses. 

H 

(2.11) Magnetizing-Consumption Changes 
If a curve of magnetizing current is plotted against voltage 
for either an induction motor or a transformer it will follow 
roughly the shape of an ordinary BjH curve but with the ordinates 
interchanged. By drawing a tangent to the curve at the point 
corresponding to the normal voltage rating, the rate of change 
of current with voltage can be estimated. Unfortunately, at the 
flux densities usual in electrical plant (at, or slightly beyond, the 
knee of the B/H curve) this rate of change is both high and in¬ 
creasing rapidly. In a typical curve for StaHoy the slope was 
found to have halved for a 10 % increase in flux density (the 
actual values for the reciprocal of the slope, H/B, being 2 at 
B — 10 000 and over 4 at B — 11 000 gauss). 

For the motors, a number of curves of magnetizing cur¬ 
rent against voltage showed a slope of approximately 3 at the 
working point, and this would appear to correspond to a flux 
density of about 10 500 in Stalloy. This figure has been used 
throughout for the motors, and the rate of change of magnetizing 
.current with voltage has been taken as three times the quotient 
(Normal magnetizing current)/(Normal voltage). That is : 

•'••• v 8/_ S£ 

I B E , 

where / is the magnetizing current. Hence a 1 % rise in voltage 
will produce a 3 % rise in magnetizing current, and therefore a 
4% rise in magnetizing kVA. For the transformers a rate of 
change of 5 has been taken (corresponding roughly to B 11 500 
in Stalloy), so that a 1 % rise in voltage will give a 6% rise in 
kVAr. . - 

It is unfortunate that the consumption element which (on a 
power-factor tariff) has the largest effect on the cost is the one 
whose magnitude is hardest to estimate, and whose characteristics 
are rarely included in a quotation.. It is time purchasers realized 
that data for the magnetization curve are just as important as a 
statement of the losses, and much more important than a state¬ 
ment ^ price; 

(2.12) Sample Motor Results 

Table 7 shows the results in a single case, namely that of a 
1 000-r.p.m. cage-rotor induction motor,, with “cheap” capital 
^tnd “medium 55 energy price. The figures express the economic* 
advantage of under-running the copper and iron resp^tively. 
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Table 7 

Sample Motor Results 

Economic Advantage Ratio (in favour of under-running), 1 QQO-r.p.m. Cage-type , Medium Energy Price 



Copper (“/” direction) 

Iron ("E” 

direction) 


Without power-factor penalties 

Without power-factor penalties 

With power-factor penalties 


Size in h.p. 


Duty No. 1 
Duty No. 2 
Duty No. 3 
Duty No. 4 
Duty No. 5 



10 

100 

1 

10 

100 * 

1*8 

2-2 

44 

47 

50 

0-3 

0-5 

42 

45 

48 

2-4 

2*7 

43 

47 

50 

0-4 

0-5 

32 

35 

37 

0-4 

0-5 

24 

26 

28 


General Results for 10-h.p. Motors and Two Transformers 
Economic Advantage Ratio (in Favour of Under-running) 


Cheap energy 

1 500'Cage 
1 000 Cage 
750 Cage 
1 500 Wound 
1000 Wound 
750 Wound 
1 500 D.C 
1000 D.C. 
750 D.C. 
500 D.C. 

Medium energy 

1 500 Cage 
750 Gage 
1 500 Wound 
1 000 Wound 
750 Wound’ 
1 500 D.C. 

1 000 D.C. 
750 D.C. 
500 D.C. 

Dear energy 

1 500 Cage 
1000 Cage 
750 Cage 
1500 Wound 
1 000. Wound 
750 Wound 
1 500 D.C. 
1000 D.C. 
750 D C. 
500 D.C. 


Duty! 

Duty 2 

Duty 3 

Duty 4 

Duty 5 

Without p.f.p. 

With 

p.f.p. 

Without p.f.p. 

With 

p.f.p. 

Without p.f.p.' 

With 

p.f.p. 

Without p.f.p. 

With 

p.f.p. 

Without p.f.p. 

With 

p.f.p. 

Cu Fe 

Fe 

Cu Fe 

Fe 

Cu Fe 

Fe 

Cu Fe 

Fe 

Cu Fe 

Fe 


3*7 

1*8 

12 

2*3 

0-6 

11 

0*4 

1*6 

12 

1*3 

0*5 

8*1 

0*7 

0*4 

3*1 

0*7 

12 

1*9 

0*10 

11 

0*4 

1*0 

12 

1*1 

0*16 

8*7 

0*6 

0*19 

2-0 

0*8 

13 

1*3 

0*16 

12 

— 

1*0 

13 

0*7 

0*18 

9*4 

0*4 

0*2 

3*4 

0*7 

9*6 

2*1 

0*12 

9*1 

0*6 

0*9 

9*9 

1*2 

d * 16 

6*9 

0*7 

0*18 

2*2 

■ — 

8*4 

1*4 

— 

8*5 

0*2 

0*3 

9*2 

0*8 

■ __ 

6*5 

0*4 

2*1 

— 

9*5 

1*3 

— 

9*4 

0*2 

0*4 

10 

0*7 

♦ 

7*2 

0*4 

0*01 

T 6 

4*2 


1*0 

1*9 


0*09 

2*4 


0 6 

1*3 


0*3 

0*9 

3*2 

2*2 

? 

1*9 

0 * 8 ' 


0*6 

1*5 


1*1 

0*6 


0*6 

0*5 

2*2 

1*3 


1*3 

0*5 


0*3 

M 


0*8 

0*4 


0*4 

0*3 

4*4 

: ”.. 


2*5 

— 


1*2 

0*1 


1*5 



i 0*9 



8*3 

4-4 

45 

4-8 

1*4 

42 

0*6 

3*7 

44 

2 

■7 

M 

32 

1*5 

0*9 

4*6 

2*0 

50 

2*7 

0*5 

49 

.• .— . 

2*2 

51 

1 

5 

0*4 

37 

0*8 

0*4 

7*8 

2*1 

.38 

4*3 

0*4 

36 

1*1 

2*2 

38 

2 

5 

0*4 

27 

1*4 

0*4 

5*0 

—- 

35 

2*9 

— . 

35 

0*3 

0*7 

36 

1 

6 


- 27 

0*8 


* 4*7 

—- ' 

38 

2*8 

— 

38 

0*3 

1*0 

39 

1 

6 

- _ 

29 

0*9 

Q02 

3*5 

9*8 


2*1 

4*2 


0*07 

5*3 


1- 

■2 

2*8 

0*6 

1*9 

7*3 

5*2 


4*0 

2*0 


1*2 

3*4 


2‘ 

•3 

1*4 


1*3 

1*1 

4*9 

3*2 


2*8 

1*2 


0*5 

2*4 


1 

6 

0*8 


0*9 

0*7 

10*2 

' ’ "*—* 


5*3 

— 


2*4 

0*2 


3 

1 



1-9, 



16 

8*5 

90 

8*5 i 

2*7 

84 

0*7 

70 

88 

4*7 

2*7 

64 

2 

6 

1*6 

13 

3*7 

93 

7*2 

0*7 

90 

0*7 

4*6 

94 

4*0 


65 

2 

2 

0*7 

8*6 

3*8 

100 

4*8 

1*0 

98 

— . 

4*2 

101 

2*7 

o * 8 ; 

74 

1 

4 

0*7 

15 

3*6 

73 

7*7 

0*8 

70 

1*6 

4*1 

73 

; 4*4 

0*7 

55 

2 

5 

0*7 

9*4 

"- 

70 

5*1 


70 

0*3 

1-5 

86 

2*8 


53 

1 * 

6 


9*0 

- —. ' 

77 

4*9 


•76 

0*4 

2*0 

79 

2*7 

’ r ,. 

58 

1 

5 

0*04 

6 *7 

19 


3*7 

7*7 


—. 

9*8 


2*1 

5*0 

1 * 

0 

3*4 

14 

10 


7*1 

3*8 


1*8 

6*4 


4*1 

2*6 


2 * 

3 

1*8 

9*3 

6*2 


5 0 

2*2 


0*7 

4.-5 


2*8 

1*5 


1 - 

6 

1*2 

19*2 



9*5 


:; f . 

4*1 

0*6 


5*6 



3 * 

3 


Supply Transformers, Duty 1 A, Cheap Energy 
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first when the tariff does not include power-factor penalties and 
secondly when it does. In the latter case there is never any 
advantage in under-running the copper, and no values are given 
for this. (As before,'* a fractional value indicates a ratio in 
favour of over-running.) Figures are given for three different 
sizes, namely 1, 10 and 100 h.p., and the conclusions can be 
summarized as follows. 

On all duties, if there is a power-factor penalty the iron should 
be under-run and the copper should be over-run, very far from 
the existing densities. If there are no such penalties then on 
heavy duties (1, 2 and, to a less extent, 4) the copper should be 
under-run. On other duties the present copper ratings are 
approximately correct. As regards the iron, when there are no 
power-factor penalties this should be over-run on Duties 2, 4 
and 5 and under-run on the other two; but in none of these cases 
are the ratios very high, and so present ratings are reasonably 
economic. 

, Comparing different sizes, the larger ones showed slightly 
increased ratios in favour of under-running or decreased ratios 
in favour of over-running. This effect, however, was peculiar 
to this particular range, and probably due to the fact that the 
price index (0*75) was smaller than the loss indices. For example, 
in the case of the 1 500-r.p.m. motor of the same type the effect 
of larger sizes was in general the reverse of the above. On the 
whole, size had comparatively little effect, and the economic 
advantage ratio was fairly similar throughout the range from 1 
to 100 h.p. The variation was not thought sufficient to justify 
the space required for full tabulation, and so in Table 8 the 
figures refer to 10 h.p. in every case. 

(2.13) General Results and Conclusions 

Tabl$ 8 shows the general results for the motors (10-h.p. size) 
and for two sizes of transformer, the latter being large 3-phase 
units on supply duty. The conclusions for the motors are similar 
to those already stated, with the addition that the advantage 
ratio for under-running increases with the energy price. With 
the d.c. motors, there is a high ratio in favour of under-running 
these (dxcept the low-speed ones) in the voltage direction, in all 
but light-duty and cheap-energy situations. Under-running the 
copper is only advantageous when the energy is dear or the duty 
heavy. In the case of the transformers it is clear that the present 
flux densities are economically too high and the current densities 
too low (i.e. the same as for the induction motors on p.f. tariffs). 
Economically the transformer copper is at present (on low 
tariffs) under-run, and the iron is grossly over-run. 

The very large ratios all occur in respect of voltage under- 
running .when there are p.f. penalties, and it may be urged that 
in such cases it would be more economical to reduce the reactive 
consumption by installing condensers, etc., than to buy larger 
induction motors or transformers. That is true whenever the 
tariff is more than £2 or £3 per kVA, and it was for this reason 
that the results have been classified according as they were 
obtained with or without p.f. penalties. The latter apply where 
either the tariff neglects power factor or condensers are used to 
supply the magnetizing component. It must be remembered, 
however, that in spite of all the efforts of the interested parties 
there are still many thousands of horse-power of uncorrected 
induction mbtors on kVA tariffs. Moreover, even at so low a 
price as the Grid penalty of 4s. 6d. p.a. per 0*1 p.f. (“cheap” 
energy) there is frequently a great gain in voltage under-running. 

Before concluding, some mention should be made of other 
factors. In addition to the obvious economic elements of plant 
and energy cost jhere are several items not easily evaluated in 

# £$. d. which should be taken into consideration. Thus, highflux- 

* densities have a bad effect on the system operation owing to 
harmonics; they increase noise in transformers and complicate 

Vol. 91, Part II. ' •' •. 


parallel running. Other items affected by economic size selection 
are the following: heat dissipation, particularly in situations re¬ 
quiring totally-enclosed motors; overload capacity; the power 
absorbed by external cooling devices; the cost of heat-dissipating 
plant (e.g. tank size and oil quantity in transformers); effect of 
working temperatures on life of plant. Almost all these omitted 
items would have the effect of strengthening the case for under- 
running. 

(2* 14) Effect of Changes in Data 

Each of the figures in Tables 7 and 8 is a ratio between cost 
of losses and cost of plant, both reckoned on a common basis 
depending on the life estimate and the rates of interest. Assuming 
no change in the life estimate, and using the term “capital rate” 
to indicate the combined charge for interest and depreciation 
(8; 47% in this case), the tabled figure depends upon 

_____ Price of supply 

First cost of plant x Capital rate 

From this can be calculated the correction factor corresponding 
to any change in data. 

Thus for induction motors the increase in price from the 
figures in the paper up to those prevailing at the beginning of 
the war was about 35 %. (The d.c. prices had increased by twice 
this figure.) Hence with a tariff of, say, £7 perkW plus0*6d. 
(= “medium” supply price multiplied by 7/6 approximately) and 
a capital rate of 9% the correction factor would be 

7/6 

1*35 X 9/8*47 6 

It follows that each of the economic advantage ratios given in 
Tables 7 and. 8 must be multiplied by 0*8 in order to be correct 
for the new data. 

(2.15) Action and Attitude 

There are various ways in which the conclusions of this paper 
can be implemented. In the first place, there is endless scope 
for individual action by purchasers, whether operating on their 
own initiative or on the advice of consultants and contractors. 
In every quotation, instead of being satisfied with the usual data 
as to efficiency and power factor, the following four separate 
items of information should be called for: copper loss, constant 
loss, magnetizing consumption (or power factor, if induction 
motor), and percentage change in magnetizing current for a 
1 % change in voltage. Armed with these data and some know¬ 
ledge of the working conditions (hours and tariff) it will be easy 
to find when the losses cost bears a high ratio to the plant cost, 
and fairly easy to calculate whether the next larger size of motor 
or transformer, suitably under-run, will be substantially cheaper. 

Unfortunately the calculations will hardly appear simple to 
the non-technical power user. Moreover, the small-scale pur¬ 
chaser frequently does not consult a disinterested expert but relies 
upon the free advice bureau furnished by the manufacturer’s 
technical data. Much therefore depends upon the plant manu¬ 
facturers. 

It would be unfair to ask for a change of heart on the part 
of the manufacturer and designer. The motive power can only 
come from the purchaser, who must demand a higher-efficiency 
article and be willing to pay more for it. But it is legitimate to 
plead a certain change of mind and attitude on the part of 
the maker, so that the drive when it comes shall be intelligently 
dbected. 3^ 

merely as a temporary inconvenience to the designer who has 
to dissipate them, but rather as a permanent liability to the user 
. who has to pay for them. 

1 ;A perfect example of wrong thinking can be seen in the current* 
attitude to fans on rotating machines. Time was when a fan 

* 14 

;; • •;••• • • . :. . ■ .'.S: • - 
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on an electric motor was a special device to overcome abnormal 
difficulties, but it has now become an integral element in motor 
design, and the manufacturers assure us that fans save money— 
though whose money is not so clear. It is economically very 
short-sighted to suppose that this change has been for the better. 
The truth of the matter can best be expressed by saying that to 
meet an energy loss by fitting a fan is like treating bad drains 
with eau-de-Cologne. Actually the case is worse than this, for 
the fan aggravates the disease whilst effectually masking the 
symptoms. Temperature rise is merely the symptom of a dis¬ 
ease known as energy loss; and to provide paths for easy dissi¬ 
pation, whilst it may be a convenient and necessary palliative, 
does nothing to cure the trouble. The real trouble, in a word, is 
the cost of supplying this energy, not the difficulty of dissipating it. 


One way in which manufacturers might help would be by 
tendering alternative machines, one complying with B.S.I. re¬ 
quirements at a competitive figure and the other at a higfcr price 
with certain guaranteed maximum-loss figures. A note could 
indicate how these would prove economic wherever the duty was 
not exceptionally light or the energy price low. 

Apart from selection by individual purchasers or publicity by 
manufacturers, there is some room for collective action. Even 
if it is impracticable to include efficiency in a specification it 
should be feasible to indicate what are the three or fohr loss- 
consumptions that should be asked for in a quotation; and 
possibly to give some idea of the percentages above which it is 
uneconomic for these to rise, in a situation of average energy 
price and degree of utilization. 


PAPER No. 2: THE ECONOMIC FLUX DENSITY IN LARGE SUPPLY TRANSFORMERS * 


SUMMARY 

Technical developments may at any time make it possible to increase 
the working densities in our electrical machines, and so enable a larger 
output to be obtained from a given frame-size and weight of * active 
materials. This paper assumes that an increase of transformer flux 
density is technically feasible, and tries to discover whether it is 
economically desirable. Only a single situation, and only two (fairly 
large) sizes of transformer such as would be used on the lower-voltage 
sections of the Grid, are examined. The results are emphatically 
against any such increase, and in favour of lower densities than those 
in use at present. 

The economics of higher-grade steel is briefly examined. 


(1) INTRODUCTION 

There have been several inquiries into the feasibility of in¬ 
creasing our present transformer flux densities, either with the 
existing materials, by using better-quality steel, or by making use 
of magnetically oriented laminations. In general, the economics 
of the change has been disregarded, except on that short-term 
view which may be called “first 'cost economics.” It has been 
tacitly assumed that if the same output can be obtained from a 
smaller quantity of active materials, and if most of the saving is 
passed on in the transformer price, the result will be a gain to all 
concerned. Since, however, the user has to pay for the losses 
as well as for the transformer, an increase in the former may well 
obliterate any gain on the latter. 

The simplest way of studying the point is to postulate the 
possibility of some such change and then to examine the conse¬ 
quences. The following calculation supposes that it is possible 
to increase present flux densities by 10 %, and it endeavours to see 
whether there will be any overall gain in reducing the plant cost 
in this way. If the answer is a decided negative, the contrary 
action must be contemplated in the shape of greater plant expendi¬ 
ture, either on lower densities or on higher-grade steel. 

(2) METHOD 

The method of comparison is briefly as follows: Starting with 
a normally-rated transformer (A) of some particular size the 
total costs of purchase and operation are evaluated on a common 
basis, in this case capitalized costs. The same size of frame is 
then presumed to be run with 10 % higher flux density (Trans¬ 
former A'). The result will be a 10 % increase in output, approxi¬ 
mately 19 % increase in iron loss and a very considerable rise in 
magnetizing consumption. 

It might appear that the market value of the 10 % extra output 

i^M^^^ pap ^ have Hf e ? 11111 together for reasons of economy each is 
^ ^ J> e consided without the other. The relation between them 
c£vei similar ground, Paper No. 1 makes a precise and detailed 
study based on the hypothesis of small (1 %) changes. Paper No 2 is simnler and 
chliSes? 81 ^ 6 because it is confined to V sipgle questioiTan? it ^res^jposes^ia^ 


could be obtained by examining a range of normally-rated trans¬ 
formers of the type A, and seeing how the price goes up with 
output. (In practice a 10% greater output would mean about 
6 % more in first cost.) This increase in first-cost value estimated 
from A could then be balanced against the cost of the extra iron 
losses and magnetizing component estimated from A'. There is, 
however, a certain flaw in this argument, because a larger output 
when obtained by the normal means of a larger transformer 
would be accompanied by a larger copper loss, whereas the 
over-run transformer obtains the extra output without any in¬ 
crease in copper loss. It is therefore necessary to make an over¬ 
all comparison, including copper loss as well as iron loss, between 
the over-run transformer A' and a larger-frame-size normally-run* 
transformer B giving the same output. 

Time is saved and a greater accuracy obtained by dealing only 
with the cost differences, i.e. by omitting all the values relating to 
the original transformer A and therefore common to both alter¬ 
natives. The final stage of the calculation then shows the extra 
cost of obtaining 10% greater output by two different methods, 
namely A' using the original frame-size but over-running the 
iron, and B using 10 % larger frame-size, normally-rated. 

(3) DATA AND CALCULATIONS 
Table 1 shows the assumptions made and the constants derived 
therefrom. Table 2 shows the complete calculation set out in 
four stages, and the following are references to the numbered lines. 

Lines 1 to 6 embody the transformer data, which are taken * 
from C. W. Marshall’s paper “Lower-Voltage Sections of the 

' A 

Table 1 

Assumptions and Constants 


Assumed data: 

Life: 20 years and zero salvage value (or 18| years witlTsalvage 
value — 10% of first cost) 

Interest: 5% on loan and 3J% on reserve fund (or 5f % if 
single rate) 

Price of supply: Standing charge per annum per kilowatt — £3 
_ + 4s. 6d. per 0*1 of power factor below 0-85 
Running charge per kWh = 0*2d. . r 

Duty; Continuous connection, 28% load factor at 0*S lower 
. factor 

Constants calculated therefrom.* 

Present worth of £1 per annum over life period: £14 *8 
Capitalized cost of 1 kW of full-load copper loss: £35-3 „ 
Capitalized cost of 1 kW of iron loss : £122 
Capitalized cost of 1 kVAr of magnetizing consumption: 
£8• 85 


* See Paper No. 1, p. 195. 
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Table 2 

Calculations and Results 


£ 


Transformer A loriginal ). 


66 kV 

33 kV 

1 

Rated output . . 

.. MVA 

15 

2*5 

2 

First cost. 

£ 

4 305 

1280 

. 3 

Copper loss at full load .. .. . 

.. kW 

139 

24 

4 

Iron loss .. .. . 

.. kW 

29*25 

8 

5 

Magnetizing consumption . 

.. kVAr 

319 

69 

, 6 

Bmax in core and yoke .. .. .. . 

kilogauss 

13*9/12*1 

12-6/10*0 

7 

B max : effective mean value (assumed). 

kilogauss 

13*0 

11-3 

Transformer A' ( over-excited to have 10% greater density and output). 




8 

Iron loss. Line 4 x M 1 * 9 1 .. . 

.. kW 

35*06 

9*59 

9 

Bmax: effective mean value. Line 7x1*1. 

kilogauss 

14*1 

12*4 

10 

H corresponding to Lines 7 and 9. 


21/36*5 

11/16-2 

11 

Magnetizing consumption: Line 5 x 1*1 x ratio in Line 10 

. . kVAr 

610 

112 

Transformer B (larger frame-size , to give 10% greater output). 




12 

First cost, Line 2x1* l 0 ' 45 or 1 • l 0 * 61 . 

£ 

4 494 

1 357 

13 

Copper loss: Line 3x1- l l « or 1 • !«•» .. .. .. .. 

.. kW 

153*3 

26*2 

14 

Iron loss: Line 4x1* l 0 ’ 69 or 1 • l 0 * 61 . 

.. kW 

31*24 

8*48 

15 

Magnetizing consumption: Line 5 x LI 0 * 70 or 1 • l 0 * 71 

.. kVAr 

341 

73*8 

Cost differences. 




16 

Iron loss, A' over B (Line 8 — Line 14) x 122 . 

£ 

466 

135 

17 

Magnetizing loss, A' over B (Line 11 — Line 15) x 8*85.. 

£ 

2 380 

336 

18 

Less copper loss, B over A' (Line 13 — Line 3) x 35* 3 .. 

£ 

507 

78 

19 

Total losses cost excess, A' over B (Line 16 -f Line 17 — Line 18) 

£ 

2 339 

393 

20 

First cost excess, B over A (Lirie 12 — Line 2) . 

£ 

189 

77 

21 

Economic disadvantage in over-running, Line 19 Line 20 

.. 

12*4 

5*1 


Grid.’** Two sizes axe selected, one from the middle of each 
range (66 kV and 33 kV). The flux densities listed for the yoke 
are some 5% to 20 % less than those for the core, and for the pur¬ 
pose of estimating the magnetizing-current increase an effective 
value for Bmax has been taken midway between the two (Line 7). 
This is obviously a considerable under-statement of the case, for 
even if there were approximately equal weights of iron operating 
at the two densities the bending-over of the B/H curve means that 
the higher density would exert a disproportionate effect upon the 
magnetizing current. It should be remarked that, whilst the 
66-kV transformer has an average flux density for its range, the 
33-kV transformer has a density below the average. 

The next section of the Table shows the effect of running the 
same size of transformer with 10% higher flux density (Line 9). 
This could be effected either by re-design or by over-running the 
iron whilst keeping the copper unchanged (e.g. if a standard trans¬ 
former were ordered for 60 kV and then run on 66 kV). The 
latter assumption is made here, ancPthe iron loss is taken as pro¬ 
portional to B 19 (Line 8).f In order to find the probable in¬ 
crease in magnetizing current a B/H curve for Stalloy was con¬ 
sulted, and* values of H were taken for the two values of B 
(Line 10). The magnetizing consumption was then increased in 
this ratio (for the current increase) multiplied by 1*1 (for the 
voltage increase). 

The third stage is to find the price and losses of a larger frame- 
size transformer (B) capable of giving the bigger output at the 
original flux density. It might be thought that these data could 
be obtained from the .original range of transformers, but two 
factors prevent this. In the first place, the outputs listed go up in 
jumps of 20% to 50%, whereas the increase postulated here is 
only 10%. In the second place, although the listed prices and 
losses wljen plotted against output follow tolerably smooth 
curves, individual sizes are always liable to depart from this mean 
line owing to tljp exigencies of design and the particular maker s 
standards of frames and punchings. (Provision'of tap-changing 

t the fixed loss at half load. i.e. omitting the power 

required to operate the external cooling devices. 


gear also caused a break in the 33-kV curve.) Hence a compari¬ 
son between two transformers in the range might give very 
misleading results if they happened to vary from the mean in 
opposite directions. 

In the present case a single transformer in the range A has 
been taken as the starting point, and Transformer B has been 
“projected” from A by using the slopes of the mean curves for 
the range. (By plotting price against kVA from Marshall’s 
paper the index was found to be 0*45 in the 66-kV range, and 
0- 61 in the 33-kV range. Similar indices, as shown, were found 
for the copper loss, iron loss and magnetizing consumption). 
Since the economic calculation is based on the cost differences, 
any abnormalities in A will not affect the result.* 

The last portion of the Table shows the economic calculations 
in the form of the excess cost, first of A' over B and then of B 
over A'. It will be noted that the over-run transformer (A') has 
the larger iron loss and magnetizing consumption, but its copper 
loss will be as initially since the windings and current densities 
are unaltered. Transformer B, although presumably working at 
the same current density, will have a larger copper loss because it 
is a bigger machine; and this must be deducted (Line 18) in order 
to get the relevant total. Each of these loss differences is con¬ 
verted into its capital equivalent by multiplying it by the appro¬ 
priate figure from Table 1. The net total is then compared with 
the greater first cost of B over A. 

(4) RESULTS 

The results (Line 21) show that in the case of the 15-MVA 
66-kV transformer, over-running the iron by 10 % would cost in 
losses 12J times as much as it would save in value of increased 
plant capacity. (Another way of putting it is to say that the 
extra consumption costs as much every year as the reduction 
effectedin the first cost.) Conversely, a reduction in flux density 
would save many times more than it cost. It would not be true } 

* This does not necessarily give the actual manufacturing cost of building Trans¬ 
former B in any given instance, which would depend on a number of extraneous factors 
such as how the particular output fitted in with existing manufacturing standards, it 
does, however, give the mean manufacturing cost of such an increase, occurring at 
ainy point In tha 
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* however, to say that under-running the iron would save money in 
so high a ratio as 12 -J : 1 , since the rates of change, particularly 
of the magnetizing current, are not constant over a 10 % 
variation.* 

In the case of the 2-5-MVA 33-kV transformer the ratio 
against over-running is only 5, owing to the low initial density 
on this size. This made the normal iron loss small in propor¬ 
tion to the size, so that the cost of a given increase in this loss 
was relatively small. The normal magnetizing consumption was 
likewise small, and the cost on this score of a density increase 
was low for two reasons—the small initial value and less flatness 
in the B/H curve. The calculations confirm what would be 
expected, namely that when the initial density is high an increase 
will be expensive in iron loss and still more expensive in mag¬ 
netizing consumption. 

(5) CONTRARY ACTION 

Although the chief purpose of this paper has been to demon¬ 
strate the economic disadvantage of an increase in flux density 
the matter can hardly be left where it is, merely as a simple 
negative. The figures show only too clearly that the existing 
densities are far from being the optimum values, and it is natural 
to ask what these optimum values are. Since the various curves 
of costs and losses cannot suddenly change their shape, it is clear 
that, if a moderate increase in density costs 12 times what it saves, 
a smafl decrease will save many times what it costs. A substanti¬ 
ally lower flux density would undoubtedly be economic for the 
user, and the question is—how much lower, and where is the 
process to stop? 

In the matter of magnetizing current, the curve changes shape 
very rapidly in the region of 12 to 14 kilogauss, and when the 
flux density is reduced below this figure the rate of change is much 
less. The same remarks, but to a less extent, apply to the iron 
loss, with a net result that an economic ratio of 121 :1 agains t 
density increase when the normal density is 13 kilogauss becomes 
only 5 :.l when the normal density is 11 • 3 kilogauss (2-5-MVA 
size). 

*, Tai ? n ® l , he transformer with the lowest normal density in 
Marshall s hst, namely the 4-MVA 33-kV size (effective density 
10-75 kilogauss), the economic disadvantage of density increase 
was found to be only 1-5:1 (calculation not listed here). 
Slightly below this point the ratio would evidently be unity, and 
the optimum density would be reached. At such a point a 
smaU change m density in either direction would save just what 
it cost, and this is thfe economically correct density for the set of 
conditions specified. 

(6) QUALITY OF STEEL 

The technique of economic choice developed in the accom¬ 
panying paper, and illustrated in the present one can be applied 
o any change, either quantitative or qualitative, in any of the 


active materials of an electrical machine.,. The question has 
recently been raised regarding the quality of transformer steel and 
this (like the question of density) is of immediate economic in¬ 
terest to the purchaser. 

Rough figures may be given for the 15-MVA 66 -kV trans¬ 
former already worked upon. The iron loss is 29-25 kW, and 
assuming a loss of 1 watt per lb for 14-mil sheet with B ’=13 
kilogauss this indicates 29 250 lb of active iron. . At a”pre-war 
price of £30 per ton this iron would cost £392. If by some 
means the quality could be improved merely to the extent of 
reducing the iron loss and.magnetizing consumption by 10 % 
the reduction on the above-mentioned tariff would save the user 
£54 per annum, or a capitalized value of £638, i.e. 60% more 
than the whole cost of the iron. It follows that even if thebetter- 
quality material cost double, and the extra were all passed on to 
the purchaser of the transformer, the latter would still be con¬ 
siderably better off than at present. ' 

(7) CONCLUSION 

In estimating the economic disadvantage of over-running, or 
advantage of under-running, no credit has been taken for any of 
the incidental gains arising from lower flux densities. These 
include less noise, less disturbance from harmonics and therefore 
easier parallel running, smaller tanks, less oil and less power 
absorbed by heat-dissipating gear. In addition, the lower work¬ 
ing temperatures are likely to increase the life and the overload 
capacity. 

Finally, it may be pointed out that if a smaller situation had 
been visualized instead of the bulk-supply service examined in 
this paper, a still more striking result would have been obtained. 
It is true that a change in size per se will probably not have much 
effect on the economic calculation. A smaller transformer will ' 
cost more per kVA and will have bigger losses per kVA, so that 
these two effects will tend to cancel out. But a smaller size will 
almost always be associated with a higher supply price, and here 
one is faced with very substantial variations. The cost of 1 v 
aiergy as distributed to the user will seldom be less than twice the 
Grid tariff worked on above, and this will very greatly strengthen 
the case for economic selection. 

In the case of a works transformer which is only connected 
for a few hours each day it might be thought that the iron loss 
and magnetizing consumption would be relatively unimportant. 
But when the tariff is of a two-part character, especially if there 
are power-factor penalties and the transformer is in circuit at the 
time of the factory peak, the cost of the fixed losses will be very 
considerable. Thus at £5 per kVA of demand the cost of a 
change in iron loss and magnetizing current will be very much 
greater on the standing charge alone than if was on the Grid- 
tariff, counting both standing and running charges. This cost 
will apply however little the transformer is used, provided the use 
overlaps the peak period. % 


Mrrwvr n t DKCUSSION BEFORE THE INSTITUTION, 2nd DECEMBER, 1943 « 

Mr. C.W. Marshall: I am most interested in the second of these losses arr» imm™ t-i, 

papers, and particularly in the quality of transformer iron On The f are difficult to estimate over a long 

the question of economic flux density, the author shows that the formerfX the ? nd transfo ™ e ^ smce die loading of these trans¬ 
optimum value should be'of the order of 10-75kiloeauss depends more on the efficie ncy of the power-station plant 

for a 4-MVA -n., , . 75 kilogauss and on the availability of that plant than on the transformer 


depends on the reliability of the basic data of Table 1 , but other¬ 
wise. his conclusions are factual apd not speculative. In the 
ongmal specifications for the Grid transformers} the value of a 
Mowatt of fixed loss was assessed at £ 45 , but under present-day 
conditions the corresponding figure would be £107, which is of 

as . tha * used by die author. The exact economic 
effect of flux-density changes can be determined only if the copper 

; ; V* A of MMlr 8 s 1 is suggested by the results given in Paper No. t. 


, . -uiou un w transformer 

characteristics, which are economically insignificant. .* I am not 
suggesting that this is an adequate reason why they should not be 
specially examined. 

In pre-war days, the Central Electricity Board adopjted a-flux 
density of 11 kilogauss, mainly with the object of cutting out 
harmonic and noise difficulties. As 'the hanponic diffira iltkg 
express themselves in whistling noises from inductive circuits, 
such as house-service-meter voltage coils, radio interference and 
overloading of power-factor-correeting capacitors, and affect a 
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large number of individual consumers, the desirable method of 
tackling the difficulty is at the source rather than by modifying 
consumers’ "apparatus. Noise does not often cause nuisance; 
nevertheless, in the general interest it should always be kept at 
a minimum, and again low flux density is a definite help. During 
the war, we have had for obvious reasons to work with much 
higher flux densities than formerly. 

The insistence on low flux density recalls German practice intro¬ 
duced just before the war, whereby extremely high flux densities 
were used—16 kilogauss certainly, and possibly 18 kilogauss on 
very large transformers. The German designers succeeded in 
keeping the wave form fairly sinusoidal; if power losses and noise 
emission were also kept reasonably low this was a notable 
contribution to transformer progress, and one well worth 
examining. 

So far as the quality of transformer iron is concerned, there 
can be no question that improvement is desirable. The author 
quotes only one figure in his second paper for specific losses, 
namely 1 W loss/lb for 14-mil sheet at 13 kilogauss and 50 c/s. 
For convenience, it seems preferable to concentrate on the 
standard figures of loss for a density of 10 kilogauss, and 
these, for British iron, range from 0*63 down to about 
0-49 W/lb; the better-quality iron is not very easily obtained. I 
have good reason to believe that foreign manufacturers have pro¬ 
duced iron with a specific loss as low as 0-35 W/lb, and it seems 
essential for our transformer manufacturers to have such iron 
available if they are to compete successfully abroad. In this con¬ 
nection, it should be recalled that all the major fundamental 
developments in improving electrical sheet iron have been made 
by British scientists and steel manufacturers. 

It may be of interest to give authentic figures for some larger 
transformers than the author has considered, and I have here 
some figures relating to a 30-MVA, 132-kV unit. Its cost was 
£16 400, which is £0 * 547 per kVA. The iron losses were 60 kW, 
the copper losses 260 kW at full load, and the cooling pump and 
fan losses 19 kW. Taking the cost of losses at £3 per kW and 
0*2d. per kWh, at 100% power factor the total charges for iron 
are £618, for copper £2 678 and for cooler £196, making £3 492 
in all. I have taken no account of magnetizing consumption 
costs, because the magnetizing effects have a useful function in 
compensating for excessive capacitance currents, which are some¬ 
times a trouble when the power load is light. 

Finally, I suggest that every large transformer is worthy of 
proper metering equipment to determine the throughput of 
power and energy. That can easily be done by having inte¬ 
grating meters on the low-voltage side; it would be better still if 
Joss meters could be added. These have been partially developed 
and, justify complete development, because, in addition to show- 
ipg up accurately what the economics of a particular purchase are, 
they provide a guide as to whether the transformer magnetic 
circuit is deteriorating. 

Mr. JD. B. Hoseason: The author infers that our designs are 
focused essentially on technical characteristics, and that de¬ 
signers take very little interest in the economic side of the 
question. This is not so in most design'departments, and a good 
many papers on design matters have been read before The 
Institution jp which economics has been emphasized. 

I disagree with the author’s conclusions because I think that his 
premises are incomplete, and as a result his conclusions mis¬ 
leading. In the first place, the cost of a 25% larger motor or 
transformer is not merely the extra cost involved in the manu¬ 
facturer’s selling price. Other increases in charges have also to 
be taken into amount, such as higher insurance premiums, rent 
and rates and more provision for spares, overhauls and replace¬ 
ments, etc. These factors will not alter the conclusions for the 
continuous-duty motor, but for the general-purpose industrial 


motor in groups 2,3 and 4 the position is nothing like so favour¬ 
able towards under-running as the paper indicates. 

My second criticism is centred on the figure of a 20-years’ life. 
Any good motor manufacturer will produce equipment which 
will last 20 years or more, but the question is, how long is the user 
going to employ the motor? Many of these small machines, 
especially motors below 50h.p., are used in the secondary in¬ 
dustries, and the user has by no means 20 years’ expected life for 
a 10-h.p. or 20-h.p. motor. It is much more likely to be some 
6 or 8 years, when the particular driven machine will probably 
become obsolete. The 10-h.p. motor will go into the factory 
stores, perhaps for two or three years, or it will be sold second¬ 
hand for only 40% of its new value, while still perfectly sound. 
In dealing with small machines in particular, therefore, the econo¬ 
mist must bear in mind all industrial conditions ruling, and 
not the possible technical life which the designers can give the 
machine. 

A final point which is debatable is the approach to the problem 
from the standpoint of unlimited capital resources. This attitude 
does not represent the conditions under which a company or a 
corporation operates. A limited amount of capital is usually 
borrowed at rates of interest of the order indicated by the author, 
but it almost invariably pays to make this capital handle the great¬ 
est possible output of finished goods, i.e. the key to the problem 
is earning power rather than interest on loan. The difference 
between earning power and interest on loan has an immense in¬ 
fluence on the subject and on applying in Table 8, not interest 
on loan capital but the earning power of the money borrowed, 
the results are completely changed. In fact, the figures then 
support the best practice of present-day motor manufacturers. 

Sir Frank Gill: I wonder whether the author’s final words infer 
that one should not worry about anything but the lowest first 
cost? He could not have meant that. More investigations into 
economic matters are needed, and this will qompel the teaching 
of economics in universities and schools. 

There are several new terms in this paper, such as “price” and 
“plant cost” applied to the same thing and meaning first cost. 
The word "price” suggests the price from the maker, whereas 
“first cost’ ’ includes everything that goes to put the thing ip place 
and ready to work. Probably “price” is just as good a term if 
it is known what is meant, but other words are in use. It is 
helpful not to coin more new terms than are actually needed. If 
we must coin words, the young engineer should not talk to the 
business man in what is described as engineering jargon; let him 
talk in the business man’s language. 

In Section 2.1 of the first paper, where the author says 
“quarterly payments being assumed for all items,” have not the 
words ‘‘sinking fund’ ’ been omitted and should not the text read 
“quarterly payments being assumed for all sinking fund items”? 

Assuming that Tables 7 and 8 are correct, they seem to indicate 
many openings for intelligent selection, and that is one of the 
most important points about engineering economics; from alter¬ 
natives the technical method is selected which will do the job at 
the lowest cost. Under war conditions this may not be possible, 
but it will be possible again later. If an economic advantage 
rate is as good as appears in the* tables, does that indicate that 
there is something wrong with a tariff which allows an ingenious 
selector to avoid the paymenthe wouldotherwise have to 
make? 

Is it quite certain that economics are sufficiently considered in 
our Standard Specifications? In the fan case the author appears 
to say that although losses are kept downby cooling, the cost of 
doing so does not enter into consideration. On the other hand, 
in the recent Order the instructions are to keep up the losses in 
transformers and motors in order to save materials. Pro* 
sumably materials include fuel (a rather rare material at the 
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present time). If so, this is a good example of economics 
entering into Standard Specifications. 

Mr. R. M. Charley: It may appear that arecent Statutory Order, 
S.R. and O. 1353, is the negation of the principle advocated by 
the author, but it must be remembered the order was an emergency 
measure dictated by war conditions, and although it precludes 
the application of the author’s ideas at present, there are other 
valuable features which I hope will be adopted by users and manu¬ 
facturers alike as a permanent measure. 

The problem of determining what is the most economical 
transformer involves several factors, including, of course, the rela¬ 
tive costs of copper and steel. Unfortunately, in recent years the 
latter factors have not increased in cost by a like amount, copper 
having increased by 27 % and transformer steel by 60 %. Conse¬ 
quently, the most economical design in 1939 is not the best to-day. 

The author’s figures for capital cost of transformers are not in 
accord with present-day prices. I consider that the 2-5-MVA 
33-kV transformer would have on-load tap-changing equipment, 
in which case the price to-day would be about £2 800. This fact 
does not materially affect the author’s conclusion, and I would 
strongly support the view that his principle is equally justifiable 
when applied to small distribution transformers. The total capa¬ 
city of transformers supplied from the l.v. side of the 2-5-MVA 
bulk-supply unit may be 4 900 kVA: the iron losses would be 8 
and 34 kW respectively; hence there is every incentive to reduce 
the loss of the distribution units. It may be argued that the cost 
of these smaller units is so much greater; this is true, and the 
4 900 kVA unit would cost about £10 000. On the other hand, 
it costs less to reduce the iron loss in a small transformer than 
in a big one, and furthermore the tariff charge on which the 
loss would be capitalized is likely to be greater than for the bulk- 
supply unit. Hence, I believe that when the restriction on the 
use of steel is removed the principle advocated by the author 
should become general practice. 

I venture to offer a word of warning. Tappings are usually 
provided on the h.v. winding to allow for variations in the supply 
voltage, not to enable the low voltage to be increased. If the 
latter practice is adopted the result is an increase of flux density, 
and hence the value of the saving, in iron loss by reduction of 
flux density is largely vitiated. 

The author suggests that copper loss must not be neglected: 
I agree, particularly on small transformers, not so much on the 
value of the loss, but on account of regulation. In small 
transformers the reactance is low and the copper loss high: the 
power factor of the load is usually very high. The formula for 
regulation at unity power factor is (Percentage copper loss) 
plus (Percentage reactance) 2 /200. Hence a saving in copper loss 
means an improvement in voltage regulation with an ultimate 
increase in revenue. 

There has been little betterment in the quality of transformer 
steel for a number of years, and English transformers have not 
been competitive in the world market in respect to iron loss. I 
consider it is high time that steel suppliers in this country offered 
to the transformer makers steel of a much better quality than has 
been available in the past, so that immediately after the war we 
shall be able to compete effectively in the world market. 

Mr. E. T. Norris: The essence of these papers is to be found in 
the two statements, (a) and (ft), in Section 1.3 of the first paper, 
and these might well have been included in the conclusions. 

In my view, capitalization is not so new or as uncommon as 
the author suggests. So far as transformers are concerned, the 
majority of transformer purchasers and users in this country do 
appreciate the value of, and have worked out, the most suitable 
capitalization values. But it is rare to find users with the courage 
of their convictions. In consequence, rather than discussing 
merely capitalization values, it seems more important to study the 


limitations of their application, and determine why, when users 
have decided what their losses are worth to them, they so often 
do not apply the result rigorously. r * 

To my mind, the most striking feature* of the papers is the 
extraordinary values which the author obtains for power-factor 
penalties. These charges greatly affect his conclusions, in some 
cases to several orders of magnitude. I wonder whether power- 
factor penalties were originally determined as representing the 
actual cost of a lower power-factor, or whether they were designed 
to act as a deterrent. If the former then the need for applying 
capitalization results is even more pronounced than for losses. 

I should like to endorse Mr. Marshall’s remarks on the quality 
of steel and to suggest that in Section 6 of the second paper the 
author has an irrefutable argument. If we take his figures and 
leave out the power-factor penalty, then the capitalized value of 
a 10% reduction in iron loss is £27 per ton of steel. Since the 
iron, using the author’s pre-war figures, was £30 a ton, it means 
that it is worth while paying nearly double for the iron to get a« 
10 % improvement in losses. Irons have been available at a much 
less cost than that giving a 10% improvement, but they have been 
used to only a very limited extent. This again raises the question 
why these capitalization values, when they are appreciated and 
recognized, are not applied directly in practice. 

Mr. Leslie Smith: Designers of apparatus have for the last 
fifteen years fully appreciated the economic soundness of lower 
losses, and the author is therefore preaching to the converted. 
As a body, designers have been willing to reduce losses provided 
they know how far they have to reduce them, and this, of course, 
depends on many factors, such as cost of energy, room available, 
etc. The author seems to have ignored the question of size and 
weight of plant, which might bring in its train very heavy extra 
capital costs. r • 

In Section 1.3-of the first paper the author refers to two bases 
of choice of electrical plant, “output choice” and “economic 
choice,” and says “the former consists in assembling at the lowest 
manufacturing cost the lowest quantity and quality of active 
materials. ...” I do not think that he can mean that, because 
it is the experience of most designers that to get the lowest first 
cost it is more frequently necessary to use the highest quality of 
materials even where the importance of losses is ignored. 

In recommending that an efficiency value be specified there is 
a further point that the author ignores. Most designers are very 
familiar with the situation which arises when an inordinate re¬ 
duction of loss is required; it is possible in these circumstances so 
to pile active material into a design that the first cost soars, and 
in an effort to obtain an unreasonably high efficiency the increase 
in first cost may be greater than the capitalized value of the 
annual saving in losses. The best way to deal with the situation 
is for the purchaser to make known his operating costs and con¬ 
ditions, and the rate of interest he is paying on capital Expenditure 
to obtain the apparatus and provide its housing, and then for 
the designer, with the technique that he can apply, to reach the 
optimum solution to the common benefit. It is rather .difficult 
to set out these data, but it might be possible to set forth in a 
document under the auspices of the British Standards Institution 
the fundamentals in general form which would enable purchasers 
to substitute their own particular values. 

Dr. E. Billig: The author has shown there is something #miss 
with transformers under the economic conditions obtaining in the 
last ten years or so. Put briefly, the cost of iron losses and 
magnetizing consumption is too high. There is no #oubt that 
under the conditions assumed, the capitalized overall cqst of 
the two transformers cited as examples in Tabled could be con* 
siderably reduced by lowering the flux density. Mathematically, 
it is quite easy to find the density giving a minimum overall cost. 
The author has only partly solved that problem as he merely 
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gives an indication whether, in any particular case, the density 
should be raised of lowered. The two increments in cost in 
Table £ constitute, mathematically, the components of the total 
increment in cost, which would have to be put equal to zero to 
obtain the “optimum” flux density. (The ratio of these two 
increments introduced by the author and called “economic dis¬ 
advantage” is rather unnecessary and irrelevant in a mathematical 
sense.) In the cases cited, that optimum density comes to 10 520 
gauss for the 15-MVA and to 9 050 gauss for the 2* 5-MVA trans¬ 
formed Repeating the calculations for a 10-year life, the 
results are not greatly different. 

In spite of the results of such calculations, practical engineers 
are disinclined to build transformers with these very low densi¬ 
ties. If transformers can be built technically with flux densities 
of 14 000 and, by the use of special core construction, as high as 
16 000 or 17 000 gauss, every endeavour should be made to use 
these high densities. Other means should be sought to offset any 
^disadvantage resulting from these densities, namely, either power- 
factor correction or further improvements in sheet steel. 

Power-Factor Correction: Capacitors of a size required for the 
compensation of the magnetizing consumption of large trans¬ 
formers are obtainable at a cost of about 25s. per kVAr (pre-war 
prices are given throughout to be comparable v/ith the author’s 
figures) with an economic life estimated at about 10 years. The 
losses in such a capacitor—about 0*2% of its rating—are 
negligible. Over the same period, the power-factor penalties in¬ 
curred for each kVAr would amount to £5 5s. The difference of 
£4 per kVAr represents the net saving accruing from the installa¬ 
tion of capacitors. In Table 2, the main item against “over- 
runmrtg” is the power-factor penalty. If power-factor correction 
is used, that item is considerably reduced. Repeating the calcu¬ 
lations^ cited above, but using the cost of the capacitor instead of 
magnetizing consumption, the optimum flux density comes to 
about 13 000 gauss. In other words, this transformer as origi¬ 
nally designed already represents the most economical solution. 

Improvements in Sheet Steel: Higher-quality steels have been 
available for some years, though at a comparatively high cost. It 
can easily be shown that to obtain an economic advantage with 
these sheets, the increase x in cost must be less than the decrease y 
in losses, multiplied by a factor N . pjp 0 , where p 0 is the first cost 
of sheets in £/ton, p w is the cost of the iron losses in £/kW, 
capitalized over the lifetime of the transformer, and N is the iron 
loss in kW/ton at the density at which the transformer is actually 
operated. For the 15-MVA transformer cited, with p 0 = 30 
£/ton, p w = 122£/kW, and V = 2-25kW/ton, the increase in 
cost x must be less than 9*15 times the decrease in losses. A10 % 
decrease in the losses should thus be worth while, even if the steel 
is 90 % more expensive. An improvement in magnetic properties 
is usually associated with any reduction of iron losses. The inci¬ 
dental reduction in magnetizing consumption can then be utilized 
by pushing flux densities more towards the existing technical 
limits. This would result in a general reduction of the main 
dimensions and weights, and thus represent real technical progress. 

In conclusion, some authoritative body should undertake and 
clearly state the results of such an investigation. It should draw 
the attention of all types of consumers to it, who might then be 
prepared to pay a somewhat higher price for their machinery, 
whiclj woulfl prove an investment in the long run. 

Mr.1l. V. M. Shinnie : With reference to induction motors, the 
iron loss in terms of W/lb can be reduced by using a different 
grade of steel. Against that, however, the B/ff curves for steel 
with a lower loss per lb invariably indicate a higher magnetizing 
current, and thus would give rise to an increase in the copper loss 
of the machine? It would have been of interest if the author 
had further analysed the ratio of copper loss to iron loss, in order 
to show the resultant effect on these losses of selecting two or three 


different grades of steel having successively lower iron losses but 
increasing copper losses. 

Mr. R. H. Coates (<communicated ): The papers are of value to 
those endeavouring to achieve “economic efficiency,” but the 
methods given are not sufficiently practical for the paper to con¬ 
stitute a reference for calculations of this nature. The author 
does not stress sufficiently that the comparison of the initial first 
cost of the higher-efficiency equipment, which is a known real 
extra cost, has to be weighed against a probable hypothetical 
extra cost of probable hypothetical losses over a probable ex¬ 
tensive period. Once this is fully realized, it is seen that it is pot 
the present tariff of the supply which must be applied to the 
losses but the probable average tariff over the period considered, 
and when considering a period of 20 years it is immediately 
obvious that large errors are possible. For instance, who ten 
years ago would have imagined that the price of coal would have 
doubled by 1943? A further uncertainty of the future is the per¬ 
manence of the assumed duty on the equipment. Because a 
machine is run for 27*4% of the time, it does not necessarily 
mean that in six years’ time it will not be run at 6 • 8 % or possibly 
100% of the time. 

These are the major uncertainties, and very naturally they 
make a responsible engineer reluctant to accept somewhat com¬ 
plicated mathematical calculations at their face value. The 
alternative the author gives in Section 1.10 of years of operation 
to recover the extra capital charges has a great advantage, for it 
gives clearly the length of time on which the estimate is based, 
and I think the facts the practical engineer requires to know are: 
(1) how long it will take to get his money back, and (2) the 
probable range in this time, due to errors of calculation. 

The supply undertaking with which I am associated has for 
many years bought transformers to a specification that includes 
an efficiency clause in which the total annual charges are given as 
£(0*08C 4- 1 ■ 85Lc + 9*8Ii), where C is the capital cost of the 
transformer in pounds, Lc the copper loss in kW at full load, and 
Li the iron loss in kW. The basis of the formula is not widely 
dissimilar to that used by the author, but the figures are pre-war 
and need considerable adjustment for present conditions. 

Tenders for transformers have resulted in alternative designs 
being submitted with different efficiencies and, speaking generally, 
the extra cost of the high-efficiency equipment would be recouped 
for the smaller transformers in 13—16 years, and for the larger 
transformers in 5 years. It is interesting to note that, for other 
reasons, the flux density has been limited by the specification to 
a maximum of 11 500 gauss, and no alternative high-efficiency 
design has ever been submitted for a flux density lower than this. 
The author’s conclusion in his second paper indicates that this 
density figure is close to that giving the greatest economy. 

Mr. H. M. Lacey {communicated ): The author bases his argu¬ 
ments and calculations on the assumed permanence of the elec¬ 
tricity supply tariff and of the rate of interest on borrowed capital. 
The first can be determined scientifically and should not vary 
much with time, though it may be subject to geographical varia¬ 
tion; the second cannot be controlled by the engineer and may be 
subject to wide variation. The best economic design is thus sub¬ 
ject to arbitrary variations and it would be necessary to determine 
an acceptable basis of calculation if the author’s recommendations 
were adopted. Very large transformers might be designed to suit 
any special circumstances, but this would hardly be practicable 
for motors or for transformers of small and medium sizes. 

Referring to the second paper, the effect of the magnetizing 
component of the no-load kVA is dependent on the power factor 
of the load, being negligible at unity power factor and reaching a 
yn^Yimiim at a power factor equal to that at no-loadi, i.e, of the 
order of 015. If the tariff and the load power-factor are such 
that the cost of the magnetizing current is appreciable, then the 
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proper solution would seem to be to install capacitors or other 
means for improving the power factor as a whole, rather than to 
deal only with the magnetizing component. 

, ^ first paper, the author comments on the effect of war on 
his general arguments: Even in peace time if is desirable that 
the more general issues should be considered. From the national 
point of view, it may be necessary to consider such questions 
as whether the power is derived from coal or water, whether the 
materials under consideration are home produced or imported, 
and whether these materials can be regarded as limited or un¬ 
limited in quantity. 

The author’s arguments deserve very serious consideration. 
Even though the general principle may be sound, it does not 
follow that it will be easy to secure acceptance of that principle. 
My own experience of designing for maximum overall economy 
is that the design with the lowest first cost is almost invariably 
selected by the purchaser. I strongly support the author’s con¬ 
clusion that collective action should be taken to remedy the 
present state of affairs. 

Mr. L. W. Law ( communicated ): I should like to support the 
author’s conclusions that an improvement of iron quality by even 
a relatively small amount justifies a very considerable increase in 
what can be paid for the iron. Transformer sheet available im¬ 
mediately before the war, varied from a guaranteed loss of 
0-63 W/lb to 0-49 W/lb at 10 000 gauss, 50 c/s, in 4 grades. 
Yet the better grades were not used to the extent that might be 
expected, had the principles in the author’s paper been applied. 

Mr. E. Mills ( communicated ): The author, by focusing atten¬ 
tion on the relative importance of the first cost of plant and the 
cost of working losses, has done a good service to both users 
and manufacturers. Where motors are used in small works 
supplied on a kW tariff, it appears that for average use, such as 
Duties 3 and 4, the most economical flux and current densities 

are already being used in standard machines. 

: lar ge factories supplied on a tariff where the fixed charge 

is based on kVA demand, most of the savings suggested in the 
paper can usually be effected by installing a capacitor to improve 
the power factor of the whole installation. One advantage of 
this method of improving power factor over that of ins tallin g 
motors working at low flux densities is that, if some of the motors 
have to be changed after a very short life, owing to the machines 
into which they are built becoming obsolete, the capital sunk in 
the capacitor is not lost, as it would be if it had been spent on 
large-frame motors. . 


It has been suggested that there must be something very wron® 
with a tariff which enabled a consumer to save such large sums 
on his power bill by simply improving the power Tactp? of his 
machines. When it is remembered that dvery ampere of lagging 
current demands an increase of carrying capacity throughout a 
vast supply network from the station alternators to the consumer’s 
service, it is clear that any useless current which can be saved 
represents a large' saving in capital charges for the supply 
authority, and this can be returned to the consumer in the form 
of reduced charges. * 

With transformers used for distribution and continuously on 
circuit, there is a good case for using low flux densities or, prefer¬ 
ably, the highest quality of steel obtainable. This applies par¬ 
ticularly in distribution where the maximum life is exceeded 
from plant. As this type of transformer usually runs at about 
50% full load for all but a few weeks in the year, a small j n _ 
crease in copper losses, if accompanied by lower iron losses 
would normally be economically sounti. ’ 

Mr. R. B. Rowson (, communicated ): I can confirm the great 
value of the equation P—kH n for checking prices and for making 
estimates of prices from incomplete data. From the practical 
point of view, the figures are of course plotted on double log¬ 
arithmic paper. 

To-day with taxation at a very high figure, it is very difficult 
to decide on what basis one should capitalize annual savings to 
compare them with increased first costs. It would be useful 
if the author could give further consideration to this aspect of 
the matter in his reply. 

One great difficulty in arriving at the optimum value of iron 
losses is the contrary effect their reduction has on the Copper 
losses. Though the equations in the paper point unmistakably 
to the advantage of reducing losses they cannot Ije used for * 
arriving at a decision. Before the recent Statutory Order 
quotations would normally be obtained for a transformer with 
standard losses and for one with the same copper loss and, say, 
10% lower iron losses. As a rule the alternative proves to be 
the more economical proposition. The makers are then naturally 
asked for a unit with still lower losses, the price for which proves 
to be much higher owing to the increased length of copper con¬ 
ditioned by the larger iron circuit. If some general expression 
for this factor could be worked out it would be of great help in 
deciding the proportions for the most economical transformer. 
^[The author’s reply to this discussion will be found on page 
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the author paints too black a picture of the cost of transformer 
Josse^and fluff the figures given in Table 2 of the second paper 
should not be allowed unduly to influence the choice between a 
mgh ora low flux density for transform*™ r 

^catRhor has,compared two transformers, one over-run and 
the other under-run. Neither of these conditions is normal or 
economically tlws best available. For purposes of comparison, 


It will be seen that, in place of the considerable economic 
disadvantages of 12-4 and 5-1 shown by Item 21 in Table 2, 
figures of 1 • 03 and 2 • 5 might be obtained in practice. r It appears, 
therefore, that even if magnetization losses are chargeable it is 
quite possible that a higher-flux-density transformer is worthy 
of consideration in each case. 

Iff the magnetizing losses are not chargeable it seems there is a 


therefore, I have taken at random two pairs of transformers and mne'd I ?^ gnetizing * osses are not chargeable it seems there is a 
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Table A— Comparison Calculations 


Transformer C ^higher flux density ). 

1 Rated output.; . 

2 First cost. . 

3 Copper loss at full load. 

4 Iron loss. 

5 Magnetizing consumption .. . .. ’ * 

6 B m ax in core and yoke .. .. .. 

7 Bmax effective mean value (assumed). 

.. MVA 
£ 

.. kW 
.. kW 
.. kVAr 
kilogauss 
kilogauss 

66 kV 

15 

9 870 

119 • 

31-0 

293 

13*5/12*5 

13 

33 kV 

7*5 

5 370 

56*7 

16-5 

119 

13*8/11*8 

12*8 

Transformer D (lower flux density). 

• 

* 


8 

Rated output. 

.. MVA 

15 

7*5 

9 

First cost.. 

£ 

10 500 

5 720 

10 

Copper loss at full load. 

.. kW 

110*8 

, 65-8 

11 

Iron loss. 

.. kW 

36-5 

11*82 

12 

Magnetizing consumption .. . 

.. kVAr 

189 

47*5 

13 

Bmax in core and yoke. .. 

kilogauss 

11*6/10*4 

11*5/10 

14 

Bmax effective mean value (assumed) . 

kilogauss 

11 

10*75 

Cost differences between higher and lower flux densities . 




16 

Iron loss (Line 4 — Line 11) x 122. 

£ 

-560 

4- 242 

17 

Magnetizing loss (Line 5 — Line 12) x 8*85 . 

£ 

4- 920 

4- 640 

18 

Copper loss (Line 3 — Line 10) x 35-3 . 

£ 

+ 290 

-322 

19 

Total losses cost excess (Line 16 -F Line 17 4- Line 18) 

£ 

650 

889 

20 

First cost saving (Line 9 — Line 2) . .. .. 

£ 

630 

350 

21 

Economic disadvantage of higher flux density (Line 19 -r Line 20) 

* * • • 

1-03 

2*5 

22 

Total saving by use of higher flux density if magnetization loss is not chargeable 




(a) A - B ... 

£ 

230 

20 


1 (b) C~ D . 

£ 

900 

101 


since I understand that the cost of energy to a large number of 
consumers is unaffected by the power factor of the load. 

Dr.’R. Willheim: I should'like to comment on the author’s 
conclusions regarding the economic flux density in large supply 
transformers in the light of foreign developments. He considers 
economic disadvantage as being inherent in current practice, but 
the examples given in Table 2 reveal that this new judgment is 
based on his method of capitalizing the magnetizing consumption. 
Capitalizing formulae used on the Continent and in the U.S.A. 
assess the full-load copper losses at £12-40 per kW, and two to 
four times as much for iron losses. There are, however, good 
reasons for not including a kilovar term. The assessment of 
the cost of reactive power is rather arbitrary as no general agree¬ 
ment has resulted. The chargeable fraction of the investment 
tends to drop to one fourth by the greatly increasing introduction 
of capacitors for the supply of local kilovar requirements. Be¬ 
sides, is it consistent to neglect entirely the reactive consumption 
caused by the leakage flux which at full load is about five times 
the magnetizing consumption? Why should transformers be 
penalized for consuming kilovars during light-load periods, when 
m large cable systems and h.v. overhead transmission systems 
shunt reactors are installed for the very same purpose? More¬ 
over, in out systems we have twice the capacity of large trans¬ 
formers provided by small distribution transformers, with about 
four times the total magnetizing consumption. 

During the last decade core-steels of 14 mils thickness have 
been steadily improved. The old guarantee of 1 *48 watts/lb at 
15 000 gauss, representative of Continental specifications, is 
obsolete. Present-day losses guaranteed for 15 000 gauss are 
about those previously valid for 14 000 gauss, or even 13 400 
gauss; jn the latter case the cost of the sheets is about 25 % higher, 
entailing an increase of about 2 * 5 % in total first cost. American 
and Swedish pre-war qualities are better still. 

When (3erman designers were faced with the problem of 
loading gauge, the flux density had to be raised, particularly with 
completely-asseqjbled truck-mounting stations up to 100 MVA* 
It was not thought that large transient currents might develop on 
energizing, as modem types of Continental circuit-breakers make 
in air, thus switching near the voltage crest value. The problem 


of higher harmonics, certainly much overrated, was solved by the 
introduction of core designs with smooth sinusoidal magnetizing 
currents, proposed by Biermanns and myself; their application 
amounted to 2 000 000 kVA with unit sizes from 3 to 100 MVA. 

The author directs our attention to modem magnetic materials 
combining lower losses and lower magnetizing consumption* 
though in the direction of the grain only. Cold-rolled steel does 
not require more than 10 ampere-tums/cm at 15 000 gauss, which 
holds good at present for 13 000 gauss. The increase in cost of 
30% raises the total first cost of the transformer by about 3%. 
Some new design features will be involved, but there is every 
indication that a substantial increase in the flux density of large 
transformers is imminent. 

Mr. T. F. Catliff: While the technique suggested undoubtedly 
provides users with an approximate yardstick for measuring their ~ 
tenders for plant, I think the author will agreb that the maker is 
in the best position to co-ordinate performance and maximum 
economy with other limitations in design. It is to be regretted 
that the author has gained a wrong impression regarding the 
attitude of transformer manufacturers, at any rate to this question. 
Transformer makers do not need a change of heart, as they are 
already fully alive to the desirability of manufacturing trans¬ 
formers with performances giving maximum economy in the 
service for which they are required. They are keen to co-operate 
with and advise users in this matter, but are helpless without 
data, or where the results of the capitalization of running costs 
are regarded as “paper figures” of doubtful value. 

In this country the user very rarely specifies complete data for 
the capitalization of losses, and I suggest the author would have 
been more correct if he had styled users’ specifications without 
this information as lamentably incomplete. In trying to educate 
miids direction, it is not uncommon to tender three or 
four alternatives, when with complete data a single offer could 
be made. More and more export buyers are including complete 
datainthem and regularly purchasing low-loss plant. 

much remains to be done to ensure that trans¬ 
formers are designed for a maxhnum economy on a capitalized 
basis, and that there are few cases where the economic iron loss ' 
will not ,be appreciably below the losses of a minimum-cost design. 
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Whether this is obtained by improved material or reduced flux 
density can be left to the maker, the main thing is that the correct 
economic iron loss should be offered. In practice, I find the same 
condition applies to the economic copper loss, which seems to 
disagree with the author’s conclusions. Here I find conditions 
generally, justify a reduction of the minimum-cost design loss by 
12—18 % for average conditions and up to 22% for heavy-duty 
conditions, representing costs for reduced losses of £20-60 per kW 
reduction in loss. 

I agree with the author’s findings in the. second paper. Here 
again makers have been pressing for improved material, with 
reduced losses in mind, rather than considering the practicability 
of increasing flux densities. It is to be hoped that the price of 
the low-loss plate referred to will not be double that of pre-war 
grades, or British makers will be faced with as heavy a handicap 
as ever in the export market. 

Mr. W. L. Kidd: The author has unfortunately had to base his 
calculations of the effects of variation in flux density on trans¬ 
former costs ori prices ruling in 1934. Considerable changes 
have taken place since then and I have, therefore, worked out the 
33-kV example in Table 2 using current prices. The index n and 
the constant K differ appreciably from the author’s figures, with 
the result that the economic disadvantage of over-running the 
33-kV transformer iron becomes 1 • 7 as against his figure of 5 • 1. 
These figures assume that the magnetizing consumption is to be 
capitalized, but as previous speakers have mentioned it seems 
difficult to justify this procedure; especially with bulk-supply 
transformers. For example, on an extensive 66-kV cable system 
in the London area capacitance current is very troublesome 
during periods of light loading, and there could be little justifica- 
ti° n i* 1 charging the cost of magnetizing current against the bulk- 
suppiy transformers on this system since the magnetizing current 

actually improves the system conditions. 

It seems reasonable to hope that careful design and the use 
of a suitable quality of iron will enable manufacturers to keep 
magnetizing current for transformers working at flux densities of 
the order of 13 • 5 kilogauss, to values very little, if at all, in excess 
of the magnetmng current for 11 • 5-kilogauss transformers, and 
at the same time to maintain the same efficiency and ratio of 
copper to iron losses. This has been almost achieved in some 
* transformers recently purchased, but here the magnetizing current 
was increased about 50 per cent; nevertheless, an appreciable 
reduction in first cost and weight was obtained. 

It has been evident for some time that manufacturers in 
America have had the advantage of a new type of sheet steel 
and it is to be hoped that soon after hostilities cease manu- 
in this country will get improved steels. Dr. Brails- 
• kk paper on electrical sheet steels has indicated the 

possibilities both as regards low loss and high saturation 
point. 

So far as I am aware, the transformers installed since 1938 and 
operating at13 - 5 kilogauss, have not given rise to any harmonic 
troubles, although they were made with the sheet steels in general 
use by the industry at the beginning of the war and did not 
incorporate the special winding arrangements outlined by a 
previous speaker. ■ 

,, Returning to the question of magnetizing current, I have found 
that tender estimates of magnetizing current and the actual 
measured values differ considerably; usually the tender figure is 
50-100 per cent in excess of the realized figure. B.S. 171 states 
that no load current is not considered to be a subject for 
guarantee and therefore, no tolerance is given.” Since the author 
suggests that magnetizing kVA should be capitalized, is he in 
favour of including magnetizing current among the guarantee 

their MaSc Pro^Ses,- to' 307 . FaCt ° rS affecting 


figures and assigning to it a tolerance in line with tho^ 
Table 7 of B.S. 171? r 6 01 

The author does well to draw attention in Sectiofi 2.15 of the 
first paper to the unreasonable use of forced cooling on motors 
whic.h always results in reduced efficiency and higher losses I 
suggest that many purchasers of motors pay little attention to 
efficiency and losses, because in many factories electricity charges 
form a comparatively small proportion of the total production 
charges. In one factory I was told this was less than 1 per cent 
Mr. C. Turnbull: Regarding Kelvin’s method for calculating 
maximum all-round efficiency including financial charges, I have 
long advocated the term “least loss” or “minimum loss,’’’ which 
I think preferable to the American “dollar efficiency.”’ An in¬ 
crease in efficiency from 95% to 96% does not seem much, but 
if one says that the losses have been reduced from 5% to 4 %, a 
20% reduction, it gives more encouragement for effort in this 
direction. 

Some 30 years ago I suggested the use of powdered iron for 
transformer cores. It was proposed to fill the powder into con¬ 
tainers with separators to reduce eddy currents and to compact 
it under magnetic influence to cause the particles to set them¬ 
selves along the lines of force. I understand this method is now 
used for telephone transformers; I still think it worth looking 
into for large transformers. * 

Amenities must be considered as well as efficiency. Some 
transformers are noisy. I have known an old transformer with 
slack laminations which made as much noise as a blacksmith’s 
shop; it was near a noisy factory and people had become accus¬ 
tomed to it and did not complain. Noise in a residential 
district may, however, be objectionable. 

Mr. W. T. Maccall: I think some of the speakers have rather 
missed the point of the papers. It is not a question whether, 
by using better material, we can improve transformers, but 
whether, with any given material, the present design is the best 
in all respects when the cost of the losses is also included. That 
seems to be the essence of the papers, and we should be grateful 
to the author for propounding a method whereby any par¬ 
ticular case can be analysed, although not necessarily taking 
his figures. 

For motors, which are rather more complicated but in some 
ways as important, he gives a rule equating the cost to a constant 
x (power)' 1 . Three years ago I went into the cost of induction 
motors, and the figures I had would fit in with a rule of that sort, 
but only over a comparatively short range. It seems to me that, 
taking the 6-pole slip-ring motors for which he gives 0 • 71 for n, 
my figures would be 0 -62 for small sizes (up to 20h.p.), rising, 
according to the size, up to 0-72 at 100 h.p. I would like to 
know how closely any particular figure would cover as. big £ 
range as he says. Would it not be more accurate to alter the 
index as the size of the machine alters? For small^motors the 
rate of increase of cost with size is different from that for the 
larger motors. 

There is another minor point on which'I am not quite clear. 

In Section 2.11 of the first paper, the author gives the effect of 
changing voltage, and he assumes that the flux density varies 
with the voltage and gets .a shunt copper loss varying as the 
voltage raised to a power of 1*6-1 *9. But if the flux density 
is increased by a given percentage the shunt current must bo in¬ 
creased by roughly three times .that figure, while the shunt-loss 
percentage increase should be six times as large and not twice 
as large. He gives “2 — ” as the power; this seems, to me to 
be wrong. It would be correct if the field rheostat wer§ un¬ 
altered, but the other indices for the voltage would then be 
reduced, since the flux would be only f of 1 % more. 

[The author’s reply to this discussion will be found on page : 

/I / j. 
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Dr. W. Wifton: The author has forged what may justly be termed 
the “missing link” in*the chain of designing, specifying, and 
selecting motors and transformers by substituting direct calcu¬ 
lation for guesswork. His method will check the pedantic in¬ 
sistence on the use of needlessly expensive designs, as well as 
remove the temptation to sacrifice reliability and endurance for 
the sake of cheapness. 

I endorse his conclusion on the excessive flux density of trans¬ 
formers, though for a reason he has not included in Section 7 of 
the second paper. The adoption of over-run designs led about 
10 or 15 years ago to a considerable increase in the transient 
switching current, which seriously complicated the application of 
balanced protective gear since the current enters and does not 
leave the transformer and thus behaves exactly as a fault. It 
may be for this reason that separate protective schemes are now 
oommonly installed on the primary and secondary sides, instead 
of a single sensitive scheme. 

Regarding the selection of the correct size of motor for a given 
function, especially in the many cases when the load is variable 
or intermittent, I suggest the necessity for a more scientific rating 
than the “rule of thumb” method employed in Clause 72 of 
B.S. 168. For this purpose a performance curve is required of 
each rating of motor which connects the load with the time re¬ 
quired to reach a specified temperature. I have shown* how 
such a curve can be readily compiled, or its equation calculated, 
if the machine time-constant be known. The latter quantity, 
which incidentally affords a true measure of the “size” of the 
machine, should be laid down in the specification in place of the 
# crude provision lumping motors into three groups, with only 
three time,periods jumping from 2hr to 30min and then to 
15 min. It is obvious that only the most approximate calcu¬ 
lations can be made on the basis of information with steps of 
this coarseness, while actual figures are given vaguely and appear 
at best to be careful guesses. 

Mr. W. P. Richardson; The basic problem raised by this paper 
is—how much iron and copper can we afford to lock up in 
electrical plant in order to economize coal in the future? Whether 
we can arrive at a reliable solution by equating everything to 
currency, which varies in purchasing power with time and place, 
seems to me to be very doubtful. Broadly speaking, there have 
been three periods in the commercial development of our in¬ 
dustry: First, a period of unrestricted competition; secondly, a 
period of agreement as to price, and one of competition as to 
performance, the general effect of which has been to improve 
jpoth performance and quality; and thirdly, a movement to relate 
price to performance, and of this the papers seem to be a part. 

In Section 2.15 of the first paper the author says “the motive 
power can t>nly come from the purchaser, who must demand a 
higher-efficiency article and be willing to pay more for it.” In 
over twenty years I have met only one such purchaser, so it 
would appear that the author is starting a new crusade. There 
are several cases, often misunderstood, where real economy does 
not depend on high efficiency, for example, squirrel-cage motors 
for frequent starting duty such as for operating lifts, cranes, and 
hoists, where most of the energy is used in acceleration, and con- 
sequaqjly ttie inertia, or size, must be kept to a minimum. 
Other examples are machine-tool motors for operations ^re¬ 
quiring frequent reversal. Built-in types of motor, too, are often 
restricted #s to size. To all these the paper does not apply, but 
on the other hand there are many cases of continuous-duty 
machines operating on a high load factor where high efficiency 
at increased cost will pay. 

* "The Estimation of Overload Periods for Electrical Equipment,” World Power, 
1936, 25, p. 8. ■ ■ 


The paper suggests a purchasing engineer wrestling with 
numerous alternatives between which the difference is small, and 
manufacturers working out these alternative quotations. Since 
only some 12 per cent of inquiries became orders, and in view 
of the need of standardization to effect economy in manufacture, 
it is to be hoped that if the ideas in the papers are generally 
adopted there will be some agreed simplification. 

I disagree with the author on the question of fans. These are 
no longer a last-moment addition to reduce temperature rise, but 
are an integral part of the motor and type of enclosure. One 
cannot make a perfectly smooth rotor with minimum windage; 
there must be some arrangement to produce movement of air to 
get rid of heat caused by losses, and of the few alternative ways 
of doing this a fan of considered design is at least as economical 
as any other. 

Dr. R. G. Jakeman: I am particularly interested in the way the 
author has harnessed mathematics to this problem. Further ex¬ 
planation on a few points appears desirable. In the first paper, I 
think that the figures for the 10-h.p. size in Table 7 should be 
inserted in Table 8. In the first column of Table 8, the values 
for d.c. motors do not seem quite consistent; starting at 1 500 
r.p.m., the value goes up for 1 000 r.p.m., down for 750r.p.m., 
and up again for 500 r.p.m. Is there some explanation for this? 

It would be an advantage to have a little more explanation as 
to how to use the tables. Taking Table 8, we know that the 
10-h.p. motor on a certain duty has an economic advantage ratio, 
i.e. it will be economical to under-run that motor. How do we 
know the right size of motor to take? Must the answer be got 
by trial and error calculations? 

In Table 6, it appears most remarkable that a curve of the 
form P = kH n is applicable to such a variety of quantities. Is 
there some physical significance in this, or i£ it entirely empirical? 

I have checked some of the curves for the top line in the Table 
and I agree with the constant and the index for the copper loss. 
For the magnetizing loss I agree with the index, but I think that 
the constant is too low. I suggest that the figures in the paper 
only refer to the magnetizing current at no-load; they should 
evidently refer to the total wattless current on load, which would 
make a considerable difference. With regard to the price curve, 

I have only checked that one line but I cannot make it agree; 
it appears that a straight line would be much nearer to the actual 
figures, so that the formula would become P = kH + n. How 
would this affect the calculations of the result of 1 % change? ~ 
Mr. E. Tobin: Transformer and machine designers do indeed 
consider economics ; they have to do so in the choice of materials 
and design, and where capitalization formulae are available they 

can design for the lowest total cost. 

I cannot agree with some of the author’s remarks, for example 
his condemnation of fans. On a 30-MVA transformer, open to 
world competition and designed for lowest total cost (the 
capitalization data being available), we obtained the lowest 
capitalized value by using a fan to assist the cooling above half 
load, even though the highest grade of steel was used and the 
flux and current densities were very low to reduce the losses. 

There would be a greater advance in transformer development 
if flux density could be made higher by using an improved grade 
of steel with low loss and high permeability. The only benefit 
obtained by working at low flux densities is the lower working 
point on the BjH curve and lower iron losses; nothing is gained 
from the reserve capacity of the iron as the supply voltage cannot 
be altered, whereas working at low copper densities can give a 
reserve capacity for overloading. If the steel makers can help 
-by providing a steel having low loss and a good BfH curve, and 
which can be worked at high flux densities, we can design trans- 
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formers with low copper losses and good regulation, thus effecting 
other savings such as less loss on load tap-changing equipment. 
The electrical industry is comparatively young, and supply com¬ 
panies have been built up gradually; therefore costs are not 
sufficiently stabilized to risk additional , money in transformers 
and machines in the early stages. The load factor changes, 
events like the war affect supply conditions, and many of the 
factors ruling are difficult to predetermine. 

For hydro-electric plant we use the highest possible densities 
because power is cheap, and plant cost is reduced to a minimum. 
One hydro-supply company leaves the street lights of a mountain 
village burning all day and night as it is cheaper than installing 
switches. 

Haulage costs and foundations are a problem for transformers 
rated at .over 60 MVA, and low flux densities will limit the 
maximum size that can be built. 

Mr. W. S. Burge: The author has developed an elaborate re¬ 
lationship between technical design and economic theory, but 
has overlooked the fact that his whole structure stands on a very 
unstable foundation. To relate technical design to economic 
.theory, it is necessary to capitalize the design features through 
their period of useful life, and also to relate the cost of such 
features to reasonably accurate load factors throughout the life of 
the apparatus. In addition to this, a reasonably accurate estimate 
must be made of the tariffs or cost of electricity throughout the 
useful life of the apparatus, and also a reliable forecast of the cost 
of competitive sources of power such as coal, gas or water. The 
majority of motors and transformers are built for a useful life of 
some 20 years, but very few, if any, purchasers have the remotest 
idea of how these variables may drift during such a period. 

If the author were in the position of a purchaser, how would he 
apply his economic considerations in the absence of any reliable 
knowledge of the use to which his apparatus would be put during 
its life? I think he would follow the practice of most other users, 
m purchasing the nearest standard product for supplying his re¬ 
quirements for the immediate future of the first two or three years 
in the life of the apparatus and let later years look after themselves 
Viewing the subject broadly, it appears to me that a concerted 
effort to follow the advice given in this paper would seriously con¬ 
flict with the requirements of standardization in design. I con¬ 
sider the need for standardization to be far more important than 
the problem of making scientific design fit more accurately to 
the detailed duty of the apparatus. The author will agree that 
our common objective in all matters of design and manufacture 
is to give maximum value for money, and this I suggest can be 
better achieved by standardization than by design based upon 
fine discrimination to satisfy a sub-division of duties. 

^ Mr. G. S. Buckingham: I think the author has omitted from 
his calculations several points which must be taken into account 
by engineers purchasing new 1 plant. It is not possible to assume 
an unlimited supply of capital. A buyer may have to choose 
between spending additional money on a high-efficiency motor or 
on a new machine tool for his business, and might decide that a 
better return for his money was offered by investing it in his own 
business. Or a supply engineer may buy a large transformer and 
spend extra money to have a low iron loss and low magnetization 
consumption only to find that he has. reduced the reactance of 
ha transformer and thus increased his short-circuit output, in 
fact to such an extent that he has to spend more money on ex- 
temal reactors or on switchgear with a higher rupturing capacity. 

I think the authoij has attached too much importance to the 
power-factor penalty due to magnetization consumption. It is 
not unreasonable to suggest that about half the motors or trans- 

^ m ^^ faCt ° ries are not subject ' to Power-factor 
penalties. The C.E.B., of course, do not pay Grid tariff for 
their supplies, and supply engineers can often balance the cost 
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of the power-factor penalty by taking info consideration the 
capacitance of high-voltage underground cables. 

The author’s calculations are based on so many Variables that 
his conclusions can only be accepted as pointers. It would re¬ 
quire, in my opinion, a hypothetical economic disadvantage of 
at least 4 to 1, under all working conditions, before a designer 
could assume that his standard equipment required modifica¬ 
tion. Purchasers would have to judge in the light of.all the cir¬ 
cumstances whether additional capital should be expended in 
order to save future costs for losses. r 

Mr. D. P. Sayers: My principal reaction to this paper is a 
feeling that it is not quite fair to supply engineers, the general 
implication being that supply engineers have never heard of 
Kelvin’s Law. All specifications for transformers that I have 
dealt with during the last six years or so have invariably included 
a formula to bring into economic consideration both the iron 
and copper losses. Possibly these formulae may not have been 
as correct academically as the author would like, but they have 
proved a good rough and ready means of taking into account’ the 
economic effects of all losses. I think that the original Grid 
transformer specifications included an item in which iron losses 
were capitalized at £45 per kW. Apparently the subject was not 
entirely overlooked even some twelve years or more ago. 

Caution is needed when designing where there are so many 
very wide variables. For instance. Tables 3 and 4 of the first 
paper show that the cheap, medium and dear supply prices vary 
by 4 :1, and for the duty cycles the maxima and minima are in a 
proportion of 14 :1. That variation of duties may apply quite 
well within a single undertaking. There is a very great risk in 
using any particular set of conditions as a justification for de¬ 
parting from established designs. I think experience has shown « 
on the whole that the present designs (I refer to prerwar-condi- 
tions) are substantially sound. The inclusion of loss formulae in 
transformer specifications gave manufacturers an opportunity of 
submitting alternative offers having different loss values. When 
these offers were compared on a true economic basis, namely that 
of total annual charges, the curve of these charges against losses 
was usually very flat. In other words, the standard offer was 
not far removed from the economic optimum, and there was 
little justification for departing from the standard and paying a 
higher price for a more efficient transformer. 

Mr. R. H. Rawll: When we in Birmingham were engaged some 
years ago on the change in frequency from 25 to 50 c/s, it was, 
of course, necessary to reduce the inconvenience to the consumer 
to a minimum, and one method of doing this with regard to new 
motors was to install those of the dual-frequency type. Certain 
manufacturers made plant of this, type, while others did not. 
The latter^ when pressing their wares, emphasized that the dual- 
• frequency motor was slightly less efficient; but while this, of 
course, was true, the interesting point was that the consumer 
installing these motors was not unduly worried about 1 or 2% 
difference inefficiency; his main concern was the reliability and 
ufe of the plant. It is important, therefore, to consider these 
factors as well and hot merely the economies realized purely from 
the point of view of design. 

•There has been a large increase since the war in the use of 
built-in motors on individual tools and machines; this practice 
in its turn has naturally reduced the horse-power of the average 
motor in industry. These facts may invalidate the conclusions at 
which the author has arrived, since they raise a different economic 
problem, in that as the motor is supplied with the marina the 
costand performance of the motor are in all probability unknown 
to the purchaser. What are the author’s views,on this matter? 

Mr. T. Pickles: It is time a few words were said on behalf of 
the industrial engineer, who has been neglected, while quite a lot 
has been heard from the manufacturer’s point of view. I think 
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the author has done, us a service in developing this method of 
economic comparison. It is clear that in many cases con¬ 
siderable economies can be effected, but much co-operation will 
he required in the future between the industrial engineer and the 
manufacturer. Also there seems to be much scope for co¬ 
operation in influencing machine-tool makers who seem very 
unwilling to spend money on electrical equipment. 

If the author’s method is to be applied, as it ought to be in 
most cases where motors are being purchased, much staff work 

THE AUTHOR’S REPLY TO 

Mr. D. J. Bolton (in reply): I shall first reply to general points. 

Cost of Magnetizing Consumption. Messrs. Marshall, Norris, 
Kidd and Buckingham, and Drs. Billig and Willheim, question 
whether so much, or even whether any, charge should be made 
for reactive consumption. For motors and works transformers 
the deciding factor is not what is the real cost of this, but what 
does the plant purchaser have to pay for it. On this point, and 
in reply to Mr. Orchard, something like half the two-part indus¬ 
trial tariffs base their standing charge on kYA. There is also 
the much smaller Grid tariff penalty which is all that has been as¬ 
sumed for the transformer calculations. If the result of including 
a kVA charge is to produce an inordinately high economic- 
advantage ratio this may be, as Sir Frank Gill suggests, a criticism 
of the tariff, but it does not invalidate the economic decision on 
the data presented. In some cases, as Dr. Billig, Mr. Lacey, Mr. 
Mills and Dr. Willheim point out, the price assumed should be 
brought down to something approaching the cost per kilovar of 
condensers, but to this must be added the cost of housing the 
extra plant, the switchgear and switching operations necessary, etc. 

# Regarding distribution transformers, one can only say that 
many supply undertakings seem to be under the impression that 
lagging consumption costs them something or why do they charge 
their clients for it? Dr. , Willheim voices the views of several 
speakers when he asks why transformers should be penalized for 
consuming kilovars during light-load periods when shunt reactors 
may be installed for the very same purpose. I might point out 
that my kilovar charge is in every case attached to the standing 
charge and so incurred when the transformer is on full load. It 
has to cover the costs incurred through the adverse effects on regu¬ 
lation, and also the effects of leakage flux referred to by Dr, 
Willheim. But this is not entirely a satisfactory answer if the self¬ 
same apparatus and kilovars are performing useful functions at 
other load periods. Ultimately, it is for the supply engineers to 
make up their minds what they want. If magnetizing consump¬ 
tion is, on balance, a liability and not an asset, they are right to 
^harge for it in their tariffs, and I am right to allow for it in my 
calculations. 

Life, Capital and Interest Rates . In reply to Messrs . Hoseason 
and Buckingham, my life estimate of 18-20 years was an attempt 
to cover the whole range from small motors to large transformers 
in a single set of figures; but multiplying factors are given down to 
an 8 J-10 year life, and these can be used for the smaller plant and 
the more uncertain situations. Other points mentioned, such as 
higher insurance, rent and rates, can all be covered by a small 
addition to the effective interest rate. Again, if capital is scarce 
and the load is charged at profit-making rates rather than at the 
rate appropriate to debentures, this will increase the interest figure 
but decrease the depreciation charge: the effect will not usually be 
greater than the “dear capital” assumption (nearly 8 % overall). 

Changes jand Estimates. With regard to the subjects raised by 
Messrs. Coates and Burge, it has been pointed out that many 
plant purchaser^regard future uncertainty as a “safety first*' 
argument for choosing minimum first-cost and eschewing long¬ 
term views. I suggest that changes may take place in either 
direction, and that one cannot in any case avoid decisions based 
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will be necessary. Bearing in mind the large numbers of small 
firms which do not yet have anyone higher than the grade of 
foreman on their electrical staffs, it is clear that there must be a 
very great influx of industrial electrical engineers in the future. 

Mr. H, Hooper: If motor manufacturers paid attention to the 
various range of diversities mentioned in the paper, would it not 
be the very antithesis of any attempt at standardization? Also 
would this not affect mass production with its price advantages, 
especially as regards relatively small motors? 

THE ABOVE DISCUSSIONS 

on future estimates. All one can do is to base them on the best 
estimates available, and not put in the least-price article when this 
has every probability of wasting more than it saves. A load 
factor, if properly selected, is as likely to go up as down, and a life, 
if intelligently estimated, is as likely to be exceeded as to be 
shorter. By all means let us make conservative estimates, but 
having made them let us have the courage of our calculations and 
put in the right engineering answer—the plant likely to be the 
cheapest overall. In the period quoted by Mr. Charley, copper 
and steel prices have increased by 27% and 60%, but the price of 
coal into power stations has increased by several hundreds per 
cent. The use of more copper and steel to save electricity, if 
made on the basis of my pre-war figures, should now prove an 
even better bargain than it appeared at the time. 

Mr. Coates makes a useful suggestion for appealing to the 
industrialist, namely that the saving can be expressed in the 
form of the years of recovery (of the capital) with a plus and 
minus figure to indicate the probable margin of error. 

Price and Losses Curves. In reply to Messrs. Kidd and Maccall, 
and Dr. Jakeman, the assumption made as to the shape of the 
curves plotting price and losses to a base of rated output, is 
that for small changes the points lie on a straight line not passing 
through the origin. The purely empirical formula assumed is 
P ~ kH n , where n is normally less than unity. The curve could 
equally well have been represented by P = k x + k 2 H for such 
small portions of its length, and the choice is purely one of con¬ 
venience. Moreover, widely different values of the constants, 
e.g. higher k and lower n, may reproduce approximately the same 
small piece of line and give almost the same results in the rate of 
change. For accurate results, the same constants over widely 
different sizes should clearly not be used. 

Past Practice regarding Loss Capitalization. In reply to 
various comments by Messrs. Hoseason, Norris, Smith, Catliff 
and Sayers, I freely acknowledge the pioneering work of Mr. 
Hoseason and others in the crusade for higher efficiencies. 
Nowhere do I suggest that capitalization of losses has been 
omitted in the past, but merely that it has been insufficiently 
practised, frequently neglecting copper losses and usually 
neglecting magnetizing consumption, and that such features as 
the diversity on the standing charge and the load factor of the 
losses have commonly been^overlooked or misunderstood. 

Qualitative Improvements: Non-Standardization. In reply to 
Messrs. Catliff Burge and Hooper, I would point out that my 
plan of basing all calculations on a hypothesis of larger standard 
machines is a device to overcome uncertainties of non-standard 
pricing, and by no means represents the best possible case or 
the most appropriate action. It does however avoid any de¬ 
parture from present manufacturing standards. If the results of 
this calculation indicate a strong case for action on economic 
grounds it is for the designer to determine what form that action 
should take, and to make the choice between the particular ideal 
and the economy of general manufacture. # 

Transformer Size and Weight Limitations: Transport In reply 
to points raised by Messrs. Smith,Kidd and Tobin, I would point 
out that transformers made larger on economic grounds will not 
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necessarily occupy more substation space, since the tank and 
neat-dissipating gear may be smaller. Transport difficulties 
remain, but must it be assumed that whilst transformer designers 
march ahead, transport engineers stand still? 

Supplementary Replies to Individual Contributors. 

Mr. Marshall’s reference to the pre-war adoption of 11 kilo- 
gauss for die Grid transformers indicates a remarkable proximity 
to the optimum economic values given in the papers. The high 
ensity values he quotes for German practice suggest to me 
technical but not economic “progress.” 

In reply to Sir Frank Gill, the terms “price,” “plant cost,” etc., 
have been used somewhat indiscriminately, but the figure in¬ 
tended, is that portion of the total installation cost that is liable 
to vary with the choice in question. Frequently this will be 
merely the pnce from the maker. Regarding Section 2.1,1 think 
that the compounding period will not affect the amounts paid in 
Joan interest, but only those paid in depreciation provision. 

y supports my concluding paragraphs that there is 
probably an even better case for economic selection in small 
transformers than in larger ones. The danger of over-running 
me iron through tap changing, to a point never intended by the 

designer, seems to be a very real one. 

*f.^w PeaI ? ng ,° f 1116 “ lowest quality of active materials” I 
should perhaps have said grade. I had in mind different grades, 
say of insulating material m motor slots, all of good quality but 
ome permitting better space factors and therefore less copper 
1 ®f with Mr. Leslie Smith that the designer can 
produce the best results, only provided he has the full data. 

steel WtV. !°n^ r - Sbinme ’ is a danger of lower-loss 

fnrtLrZ 8 h i 8he - r ^gnetizing consumption, this seems a 
further reason for including kilovar costs. 

^ I am not convinced that the taxation rate affects the choice 
hl ^ er first cost and higher losses cost. The diffi- 
milty Mr. Rowson mentions of a seesaw between copper and 
JJJ quantitat ? ve efficiency improvement is a 

as better wbl< J does aot an se in qualitative changes, such 
i 1 of no g^eral expression, but only the 
™‘ h ° d , r employed of considering in turn small changes in the 
iron and copper separately. 

Mr. Orchard suggests that neither over- nor under-r unnin g j s 
normal oreconomicaUy the best available procedure. I do no? 

us^Mr C rS> aS b r, eing 3ny ? ore than a convenient yardstick, to 
Catll ffi s Phrase. The designer should certainly know 
though X V may be that owi ng to the extra cost of non- 

eco^ndc^Thkt« Ure my SUgg r'° n may actuall y P rov e the most 
+ Tim is supported by Mr. Orchard’s own figures. It 

S (oSt!vS Jese point by point with my own, except 
y P ^? and loss curves indicate that, on the average, 
co?t C t0 p ^ chase a greater loss reduction for less 

Tt lv Z ^ fig f es mdicate. This is particularly so in the 

moa Pl f’ Where lower flux density must on the average 
pean less, not greater, iron loss. ° 

Mr. Catliff testifies to the economic awareness of foreign 

tnVhJ S andb t Ip l t0 answer the objection often urged against 

^S'mSktte U ^ er ' effiCieiiCy Plant m il ^nnot compete in 

baS ' re-worked my examples, using present-day 
transformer prices but the same tariffs as before. Since tariffs ' 

l?MS^- refleet e0St of P lant Plus cost of fuel, and since 
S® has n S en enormously, I cannot see the logic of this 
c^lahmi^ It ^assumes entirely one-sided nse, and though 

for a Station increases this is har dly a stable basis 

P “‘ R is surpnsmg to learn of actual values of 
jmgnehzmg currents so much below the tendered figure. At full 
oad-the condition under which the kVA charge opemtes-S 
js, however, likely to be more than balancedV ffie effect^of i 


1 leakage reactance mentioned by Dr. Willhejm. I certainly thin 
5 that magnetizing current should be included in the specificatio 
5 so long as a single kVA tariff or power-factor penalty is In fora 
In factories whose electricity charges form only 1 per cent c 
their production costs, the electric plant charges must be an evei 
. smaller proportion. The case for aiming at the best balanc 
■ between the two is unaffected by their absolute magnitudes. 
Mr. Turnbull’s suggestion of minimum loss in place of maxi 
mum efficiency is only one step in the right direction Thi 
different losses must be taken separately because they havi 
different cost values, and the term “dollar efficiency” is nerhan. 
an attempt to include this. p ' 

Mr. Maccall rightly draws attention to the main questioi 
which the paper attempts to answer, namely, with giver 
materials, prices, etc., are the proportions of our expenditure or 
plant and energy the best possible? I must also thank him foi 
a correction which has now been made in the paper. 

Dr. Willheim seems to suggest that, because small transformers 
are the worst offenders, this is a reason for neglecting magnetrons 
consumption in the larger sizes. I do not for a moment doubt 
the capacity of Continental or British transformer designers to 
overcome any and every technical difficulty with which they are 
confronted. My only fear is that their consummate technical 
achievements may be mistaken for engineering progress. Real 
progress is not to squeeze greater output from smaller material 
but to get better service for less money. 

Dr. Wilson has usefully added to my list of imponderables 
which favour under-running. 

To Mr. Richardson and Mr. Tobin I should make jt clear 
that I am not attacking fans as such, but merely the current 
attitude to fans, which seems to be that if these make possible a, 
greater output without excessive temperature rise they are ipso 
facto a good thing. 

Dr. Jakeman is expecting too much from the economic ratio 
hgure. The precise magnitude is liable to be erratic and is not 
significant. The utmost one has a right to infer from it is that, 
it the value is between, say, f and 1J, the present rating is tolerably 
economic. If it is greatly below or above thus range, over- or 
un er-running, or corresponding design changes, are called for. 
As regards magnetizing current I have, as he said, used the no- 
load value. Since the power-factor penalty is incurred at full 
oad when the wattless current is greater, it would seem that 
the cost I have calculated for magnetizing consumption is 
rar trom being the overstatement that other speakers have 
claimed. 

Mr. Tobin and others make too much of my somewhat irre¬ 
levant addendum on steel quality. We ail agree that better- 
quality steel is in every way desirable. The question under dis¬ 
cussion is, with any given quality, etc., are we making the best 
use of our materials? / 

. . Mr * B^ge and Mr. Hooper put the case for plant standardiza- 
make and 1 have tried t0 comply with this in the assumptions I 

Mr. Buckingham’s last paragraph I would generally accept—^ 
and commend to Dr. Jakeman’s attention—though 4 to 1 is a 
little unkind. I suggest that a ratio of 3 to 1 or over would 
justify a modification of design. 

. Mr. Sayers concedes the principle, but disagrees a?»to- the 
amount. Admitting the wide range of the variables I think my 
figures show that, for the average situation, present designs are 
not on the whole the most economic. ; „ 

, k? to Mr. Rawll, the advent of the individual drive and 
the built-inmotof^has meant a larger number *>f smaller motors. 

i™ 1 . . t s ^ e P er ^greatly affects the economic 
situation, but, if it means more intermittent use, then that will 
weaken the case for economic choice 
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SUMMARY necessary in special cases. The formulae given are not new,, but 


The paper consists of two parts. The first is devoted to a com¬ 
prehensive review of overhead-conductor sags and tensions and their 
calculation on single spans and on complete lines, using parabolic 
formulae throughout. A standard procedure and standard methods 
of calculation are recommended. 

• The second part of the paper deals with the determination, from the 
point of view of the conditions prevailing in Great Britain, of wind 
^nd ice loads to be applied to conductors for design purposes and the 
stresses so produced in the conductors. The use of the term “factor 
of safety” when applied to overhead conductors is criticized, and sug¬ 
gestions are offered for revisions to the Overhead Line Regulations of 
the Electricity Commissioners. The loads transmitted to the supports 
are also considered. Erection sags for low-voltage distribution lines 
are recommended for general adoption. 


(1) INTRODUCTION 

The'purpose of overhead lines is to transmit electric power, 

* and the electrical properties and characteristics of the conductors 
♦are therefore of first importance. The designer’s second con¬ 
sideration is to examine the mechanical properties of the con¬ 
ductors. These will determine the structural character of the 
whole line, influencing such factors as conductor spacing, span 
length, and the height, shape and strength of supports. 

Conductor sags and tensions are governed in Great Britain by 
the Electricity Commissioners’ Overhead Line Regulations, which 
define the minimum loads and maximum stresses to be allowed 
for. The making of the actual calculations involves either the 
solution of cubic equations giving approximate results, or the 
use of hyperbolic functions giving exact results. It is therefore 
not surprising that, even after many years of experience, there is 
a lack of uniformity in the methods of calculation adopted by 
supply-undertaking engineers, consulting engineers and con¬ 
tractors. 0 

m The choice between the use of the parabola or the catenary as 
a basis of calculation is largely a matter of personal preference. 
Little importance can be attached to the relative degrees of 
accuracy achieved by the two methods, as even in extreme cases 
the use of parabolic formulae gives results which are satisfactory 
ineveiy way. 

In any case, it must be remembered that extreme accuracy in 
the making of sag calculations is of no practical value when 
consideration is given to the effect of: (a) The arbitrary nature 
of the maximum wind and ice loads adopted in the design. 
(b) Inaccuracies in the making and plotting of profile surveys. 
, Thg indeterminate effect of the longitudinal flexibility of sup¬ 
ports on the sags in individual spans of a complete line. 
(d) Variations in the elastic properties of the conductors from 
those assumed in the calculations, (e) The difficulty of .assessing 
correct erection temperatures. (/) Inaccuracies in the adjustmefit 
of erection sagsjn the field. . 

In this paper parabolic formulae are used throughout, with a 
description of the procedure to be adopted if greater accuracy is 
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they are indispensable to the paper. I hey are expressed in a 
concise form which, if adopted as a standard, would greatly 
facilitate the exchange of ideas on sagging problems. 

The second part of the paper, dealing with the framing of 
regulations, is self-explanatory, and the objects of the paper may 
be stated as follows: (i) To encourage the use of a standard 
notation and procedure, and of standard methods of calculation, 
(ii) To recommend, from a study of the theoretical and practical 
considerations involved, revisions to those clauses of the 
Electricity Commissioners’ Overhead Line Regulations dealing 
with conductor sagging and the loads imposed by the conductors 
on the supports. 

(2) GENERAL PRINCIPLES 

(2.1) Single Spans 

(2.1.1) Definitions. 

The principal terms used throughout the paper are defined as 
follows: 

Span.—The span length is the horizontal distance between two 
adjacent supports. 

Sag. —The term “sag” is used to denote the distance, measured 
in the direction of the resultant load on the conductor, between 
the conductor and the mid-point of the straight line joining the 
two supports. This definition also applies to non-level spans, 
and the numerical value of the sag in such cases is, on the basis 
of the parabola, exactly the same as for a similar level span 
with the same horizontal tension. The sag as so defined is also 
the maximum distance, measured in the direction of the resultant 
load on the conductor, between any point on the line joining 
the two supports and the conductor. 

Tangential Tension.— The direction of the actual tension at any 
given point in a conductor is along the tangent to'the curve ot 
the conductor at that point, and is. thus referred to as the 
“tangential tension.” . . . • 

Tension. —Unless otherwise indicated, the word “tension” shall 
denote the horizontal component of the tension in a conductor, 
such horizontal tension being uniform throughout any one span. 

(2.1.2) Fundamental Formulae. 

The following equations are all based on the parabola, and 
assume that the load per foot of span is equal to the load per 
foot of conductor. 

List of Symbols. 

5 = sag, ft. _ , 

S v vertical component of sag, ft. 

/ ~ span length, ft. , 

T = ; horizontal tension under load w, lb. 

T t = tangential tension, lb. - 

w = load per foot of .conductor, lb (including weight of 
-^.conduchMc). 

w v = vertical component of m>, lb. , 

• # is 'actual' cf^osfe-secticAi of conductor,*' in*. •• 
over^ •• 
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BOYSE AND SIMPSON: THE PROBLEM OF CONDUCTOR SAGGING ON 


E = modulus of elasticity of complete conductor, 
a = coefficient of linear expansion of complete conductor per 
degF. 

/ = temperature rise, deg F, from initial to final condition. 
a = difference in level of adjacent supports, ft. 
y = horizontal distance of lowest point of curve from lower 
support, measured towards higher support. (If the 
lowest point is outside the span y is negative.) 

Cl== V(fr) ; c 2 = « ea 


Relation between Sag , Span, Load and Tension. 

JT ‘ * ‘ 

Wyl 2 

ST ' *’ ' 


S = 


= ■ 


( 1 ) 


> (la) 


/ SS 2 \ 

Length of conductor = 

or (/■+ —. 


24 T 1 ' 


• (2) 
• (2a) 


(3) 


Relation between Tension, Load and Temperature for any given 
Span Length. 

The suffixes 1 and 2 denote initial and final conditions 
respectively. 

Sloping Spans. 


I aT 

y 2 wj * 


• . v . . . (4 ) 


Vertical reaction at higher support = w v (l — y) . . (4 a ) 

Vertical reaction at lower support = w v y . . . (4b) 

Equations (1) to (3) enable all initial sag and tension calculations 
to be made, and, except in special cases involving very long spans 
or very steep slopes, give results which are more than accurate 
enough for all practical purposes. 

During the setting-out of a line on the profile survey, it is 
usually necessary in hilly sections to consider cases of reduced or 
excessive weight loading on supports. Such cases may be 
examined by the application of equations (4), (4a) and (4b). 

(2.1.3) Closer Study. 

If, for any reason, e.g. in the case of very long spans or very 
steep slopes, it is necessary to determine the relation between 
sags and tensions to a high degree of accuracy, a more critical 
study of the problem must be made. Fig. 1 illustrates the general 
case of a suspended conductor and may represent any span. 

As stated, the preceding formulae ignore the difference between 
the load per foot of span and the load per foot of conductor . A 
more accurate determination of the load per foot of span can 
be made by increasing the load per foot of conductor in the ratio 
of conductor length to span length. From Fig. 1 it is seen that 
the value of this ratio is / ^ 

^ + A + ¥ : 



Relation between Sag (or Load and Tension), Span and Length of 
Conductor . 


( 3 ) 


Fig. 1.—General case of suspended conductor. 

Hence the corrected load per foot of span 

= *{V[ 1 + (t)] +|(f)} • • 

In normal cases it L assumed that the horizontal tension is 
the maximum tension that will occur in a span. In actual fact 
the maximum conductor tension will be the tangential tension at 
a support, and, referring to Fig. 1, the relation between TVo and 
T is as follows: 

T = T Tl cos J^arc tan fj j ... (6) 


Similarly 


T = T Tl cos arc tan 


(4 S~af 
l _ 


(6a) 


On level spans, the relation between horizontal and tangential 
tensions may be more readily obtained from the expression 

T = T t — wS ..... (6b) 

In equations (5) and (6) all the terms are known accurately except 
S, for which one or more approximations may be made, as 
necessary. 

Accurate values for conductor load and horizontal tension 
having been determined, they may be substituted in equation- (1) 
and the sag calculated in the ordinary way. 

(2.1.4) Loads on Supports. 

The calculation of the horizontal transverse loads transmitted 
from the conductors to a support is straightforward. Fig, 2 



Fig. 2.—Horizontal transverse load on a support. 

represents any two adjacent spans in plan, the conductors being 
deflected under wind. 

It is reasonable to ignore the reduction in both the wind per 
foot of conductor and the horizontal tension T due to the fact 
that the wind cannot act normal to both spans at once. On 
this basis, the total horizontal transverse load is r * 


hr-2rsin~ + 


6 wjPi + 4 ) 


(7) 


where w* is the ^<1 per foot of conductor and T is the'total 
horizontal tension under the resultant con&uctor load w. 
Equation (7) makes full and accurate allowance for the increase 
in the effective angle of deviation at the support due to wind. 
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The resultant conductor tensions in the new directions are made 
up of two components—first, the longitudinal conductor tension 
as normally calculated; and secondly, the actual transverse wind 
load causing the deflection. For a support at a straight-line 
position, when 0 = 0, 

H = W/X/j + 4)/2 

Reference has been made in Section 2.1.2 to the calculation 
of vertical reactions at supports. These are important to enable 
cases oS excessive weight loading on elevated supports, and re¬ 
duced weight loading or uplift on lowlying supports, to be de¬ 
tected. The. actual values of the vertical reactions may be 
obtained from equations (4 a) and (4b). The temperature and 
loading conditions giving the most severe results must be selected; 
these will invariably be at the minimum temperature, with wind, 
or with wind and ice. 

Care must be taken, in using the equations (4), (4a) and (4 b) 9 
to substitute the maximum horizontal tension T due to the re¬ 
sultant load w, and the vertical component w v of the resultant 
load w. 

(2.2) Complete Lines 

(2.2.1) Factors Influencing Design. . 

It is necessary in connection with every transmission line to 
make investigations into the values of the conductor sags and 
tensions under the following four main headings: (a) Maximum 
sag (to ensure that the specified ground clearance is main¬ 
tained). (b) Maximum tension (to ensure that the maximum, 
permissible tension, is not exceeded), (c) Conditions of 
minimum vertical sag (for the purpose of calculating abnormal 
vertical loads on elevated and lowlying supports), (d) Erec¬ 
tion conditions (to enable the appropriate erection tensions and 
"*sags to be calculated). 

(2.2.2) Behaviour of Spans of Different Lengths. 

In making sag calculations it is first necessary to fix a basic 
condition of loading, temperature and tension from which 
tensions and sags at other conditions can be derived.. . This 
basic condition is usually that of maximum loading and minimum 
temperature when the conductor tension is limited to a specified 
maximum figure. The application of this basis to a range of 
spans necessarily results in the tensions at all other conditions 
varying -with span length. Therefore, -the resulting erection 
tensions in still air at various temperatures, and the minimum 
still-air tensions from which the maximum possible sags are 
derived, will be different for all span lengths. 

(2.2.3) Lines on Rigid Supports. 

- If it islntended that the conductors on a line of perfectly rigid 
supports shall exactly develop their maximum permissible 
tension on all spans, it follows from the remarks in the previous 
■ paragraph that every length of span must be strung independently 
to its own particular erection tension. Even if this be done, the 
minimum tensions (corresponding to maximum still-air sag cont¬ 
entions) will be different on all span lengths, which will make it 
impossible to check the ground clearances on the profile by using 
a single maximum-sag template throughout. Alternatively, the 
minimum tension may be fixed as a constant for all spans, in 
which case a* single maximum-sag template may be used, but the 
resulting maximum tensions will vary with span length. 

In practice, however, conductors are invariably run out over 
rollers or pulley blocks, this procedure necessarily resulting in a 
constant efection tension throughout the conductor length. The 
effecfon conductor tensions in individual spans at other loading 
and temperature'bonditions may be seen from a stmdy of Fig. 3, in 
which the full lines represent typical span/tension curves based 
on the assumption that the maximum permissible tension will 
Vol. 91, Part II. 



Span Normal 

r span 


Fig. 3.—Tension chart for rigidly supported conductor. 

occur in all spans under maximum load, the resulting minimum- 
tension curve being used for determining the maximum still-air 
sags and the corresponding ground clearances. 

For the purpose of illustration a span is selected as representing 
the “normal” span for a line, and.points A, B, C, D and E 
therefore indicate appropriate tensions for that span. It is then 
assumed that a length of conductor is erected over a number 
of different spans at the tension D, thus giving the horizontal 
broken line through D. When load or temperature changes 
occur, all spans other than those of “normal^ length will develop 
tensions different from those shown in full lines. All spans 
shorter than normal will have lower tensions than originally 
calculated, and spans longer will have tensions greater than 
originally calculated. The top and bottom broken-line curves 
show that the maximum tensions in the spans longer than normal 
will exceed the permissible limit, and the maximum still-air sags 
on spans shorter than normal will be greater than expected. 
This conclusion depends upon the slope of all the erection- 
tension curves being downward from left to right, as in Fig. 3, 
which is almost invariably the case. 

If no tolerance is allowed in the specified maximum tension it 
is necessary to prohibit span lengths exceeding that for which 
the erection tensions have been calculated. In other words, the 
erection tensions must be calculated from the maximum span. 
If this procedure is adopted, the maximum sags for all shorter 
spans will be greater than expected (to an extent which itself 
varies with the divergence between the erection temperature and 
the temperature at maximum sag), but the corresponding mini¬ 
mum tensions will still vary with span length, and it is still im¬ 
possible to check the ground clearances on the profile by using 
a single maximum-sag template throughout. 

To summarize the case of a line on rigid supports, the need for 
constant erection tensions results in the maximum permissible 
tension being exactly developed on one span length and on no 
other. This span length will be referred to as the “basic span” 
and, as explained above, must be the longest span in the line. 
Similarly, the minimum tension, corresponding to maximum still- 
air sag conditions, will also inevitably vary with span length. 

(2.2.4) Freely Supported Lines. 

On a- line on which the conductors are free to move longitudi¬ 
nally at the intermediate supports instead of being secured to 
them, it is impossible for any imbalanced longitudinal tensions to 
develop at such supports. Consequently, the tension throughput 
any particular section between rigid points will be constant 

-*v • . ' . 15 '■ 
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under any given conditions. The tension variations due to load 
or temperature changes will depend on the lengths of the spans 
in the section, and it is shown below that the section as a whole 
will react to load and temperature changes in the same way as 
a single span which will be referred to as the “equivalent span” 
of the section. 

Let l v / 2 , l 3> / 4 , etc., represent a series of spans supported on 
rollers, the total length of the section being 2/. It is required to 
determine the equivalent span l E of the section, which can there¬ 
fore be regarded as consisting of n spans each l E in length, i.e. 
nl E = 2/. 

Consider the series of spans l v l 2 , etc., under an original load¬ 
ing of w l lb/ft and a tension of T{ lb, and allow the tension 
to change to T 2 lb under a load of w 2 lb/foot, with any given 
temperature change. Then the total length of conductor under 
the original conditions is given by 

S/ + —^2/3 
* 2 4T\ 

and, under the final conditions, by 


That is, the change in total length is given by 

2P(J± - 
\24Tf 24 T 2 / 

Similarly the total change in the length of conductor in n spans 
each l E long would be 

„/j( A. - 

£ '24T% 2ATy 

Now as the external causes of both these changes in identical 
lengths of the same material are similar alterations in stress and 
temperature, these changes must be equal. 

Hence 2/ 3 = nil 


from which 


E/ 3 = — .P 

u h -i E 


This equivalent span length may be used as the basis for calcu¬ 
lating the tensions under all conditions of loading and tempera¬ 
ture, such tensions being, of course, constant throughout the 
section. In fact, each section of the line between rigid points 
can be treated for the purpose of calculation as a single span, 
and the whole line is therefore comparable with a series of 
separate spans on rigid supports. The only difference between 
the two eases is that whereas it is practicable to string each com¬ 
plete section of a freely supported line to its appropriate equiva¬ 
lent span erection tension, the individual spans on rigid supports 
cannot in practice be so strung. 

This difference is of considerable importance'as it enables the 
sagging of a freely supported line to be based on either a con¬ 
stant maximum tension throughout or a constant minim um 
tension throughout. In the first case, the minimum tension will 
W with equivalent span, thus leading to the previously men¬ 
tioned difficulty with maximum-sag templates. In the second 
case of constant minimum tension, a single maximum- sag tejp. 
plate can be used for all sections, but the maximum tension will 
be exactly developed on one equivalent span length only, namely 
the “basic equivalent span,v \yhich may be taken as the maxh 
mum equivalent span. . ? 


(2.2.5) Summary of Procedure. 

None of the various types of overhead-line construction can 
be said to correspond exactly to either of the two extreme cases 
just considered. Nevertheless, it is com&on practice to regard 
pin-insulator lines as rigid, and suspension-insulator lines as 
freely suspended, although there is a growing tendency, which 
the authors support, to regard the type of light support used on 
pin-irisulator lines as flexible enough to justify the classification 
of such lines as freely supported. Whichever view is taken, it is 
desirable to define suitable working rules, and Table 1 gives the 
correct procedure. 

Table 1 


Rigid lines 

1. Fix normal span 

2. Fix maximum span, this to 
become the basic span 

3. Apply maximum permissible 
tension to basic span and cal¬ 
culate erection tensions (which 
apply to all spans) and mini¬ 
mum still-air tension (which 
applies to basic span only) 

4. From above erection tensions 
I determine minimum still-air 

tensions for range of spans 


Freely supported lines 

Fix normal span 
Fix maximum equivalent span, 
this to become the basic 
equivalent span 
Apply maximum permissible 
tension to basic equivalent 
span and calculate minimum 
still-air tension (which applies 
to all spans throughout line) 

From above minimum tension 
calculate erection tensions for 
range of equivalent spans 


The procedure set out above for frigid lines is admittedly 
laborious and some simplification is justifiable when dealing 
with pin-insulator lines, which, in any case, are certainly not 
perfectly rigid. At present, calculations for pin-insulator lines m 
are generally based on the normal span length, all tensions de¬ 
rived therefrom being applied to the whole range of spans. This 
satisfies the fundamental requirement that the erection tensions, 
at any rate, must be constant for all spans, and in effect corre¬ 
sponds to the application of the theory of flexible supports with 
a fixed and predetermined equivalent span. At the same time, 
the authors consider that it would be preferable to treat pin-' 
insulator lines in exactly the same manner as described above 
for’freely supported lines. 

An example of a sag chart, assuming rigid supports, is shown 
in Fig. 8. Although this is a somewhat special case it serves to 
illustrate The essential features already described of rigidly sup¬ 
ported lines, .namely constant erection tensions on all spans, 
resulting in variable maximum and minimum tensions. The 
basis of this chart is a maximum still-air sag of 3 ft 6 in on a 
180ft span, this basis applying to a number of different conductor 
sizes. Corresponding erection tensions, for the various con¬ 
ductors on a 180ft span give almost exactly the same erection 
sags, which have therefore been extended on a constant-tension 
basis to apply to all spans. The curves of maximum sag and 
maximum tension given in Fig. 8 have been derived from those 
erection conditions giving the highest values. 

In the case of freely supported lines, the procedure outlined 
calls for no special comment and coincides with the best modem 
practice. A suitable form of erection-sag chart is shown in 
Fig v 4. To obtain any desired erection sag, the erection tension 
at, say, 60° F is read at B for an equivalent span A, the corre¬ 
sponding sag for an actual span of, say, 400ft being obtained 
by projecting from B to C and from C to D on the lower scale. 

The question of the inelastic stretch of conductors' cannot be 
ignored, although its importance is sometimes exaggerated. 
The practice of^pre-stressing conductors to higlf tensions during 
erection-is to be deprecated, principally on account of cost. It J 
is preferable to adopt the alternative procedure of reducing the 
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Fig. 4.—Erection sag and tension chart for freely supported 
conductors. 

calculated erection sags by an amount up to, say, 10% according 
to circumstances. Little or no adjustment of the average medium- 
size line is usually required; adjustment is more necessary on 
long-span lines, particularly those provided with composite 
conductors. 

( 2 . 2 . 6 ) Classification of Sag Templates. 

Alf sag templates are necessarily parabolic in shape, i.e. 
they satisfy the equation y = ax 1 . Therefore, if two templates 
have the §ame height y for a given base x, they are alike in all 
respects. This fact enables a template to be identified by a 
single dimension, say the height in inches on a base of 5 in, 
and by giving each template an’appropriate classification number 
a ready means is available for ascertaining whether any existing 
template made for one combination of sag, span and profile 
scales can be used for a new job. 

The value of the classification number (C.N.) is taken as 
1 000 times the height in inches of a template measured on a 
'5in base. The factor of 1 000 is introduced to ensure that a high* 
degree*of accuracy is obtained without using a decimal point. 

For example, a template is required to suit the following case : 

Sag on 400ft span = 10 ft ’ 

Vertical scale: 1 in = 20 ft y ;: 

Horizontal scale: 1 in = 200 ft 

• The appropriate 9-N. is given by 

(Sag on profile, in inches) x 5 2 x 1 000 
* (Span on profile, in inches) 2 

which, in the case under consideration, amounts to 3 125. 

It ifc unlikely that an existing template with exactly the desired 
C.N. tvill be found, but this is immaterial so long as the percen¬ 
tage variation does not exceed the limits of experimental error in 

plotting; . V y 

It must be remembered that in choosing a maximum-sag 
template the C.N. selected should not be less than the calculated 
figure* as otherwise insufficient ground clearance may result. 
Similarly, in selecting a minimum-sag template the actual C.N. 
must not exceed the correct figure. ; •; 

■: ; <3) regulations * 

' • . * y (3.1) General 

This sec the paper deals with the determination, from 
the point of view of the conditions prevailing in Great Britain, 


of wind and ice loads to be applied to conductors for design 
purposes and the stresses so produced in the conductors. The 
use of the term “factor of safety” when applied to overhead lines 
is criticized, and suggestions are offered for revisions to the 
Overhead Line Regulations of the Electricity Commissioners. 
The loads transmitted to the supports are also considered. 

(3.2) Nature of Superimposed Loads on Conductors 
Overhead lines have to be designed so as to resist mechanical 
loads which are derived almost entirely from the conductors. 
The direct effect of wind pressure on the supports is seldom of 
much importance and, except in the case of very high supports, 
it could safely be neglected. The nature and extent of the con- 
ductor loading are therefore of fundamental importance, in so 
far as such loading affects both the conductors themselves and 
the structures which support them. 

It is not difficult to select from meteorological statistics a 
maximum wind velocity suitable for design purposes in any given 
territory. On the. other hand, the formation of ice deposits on 
overhead conductors is a much more arbitrary matter, and when 
. ice does occur it may on very rare occasions reach many inches 
in thickness. It is uneconomical, however, to require that lines 
shall suffer no damage when they are subjected to ice loading 
conditions which may arise only once in, say, 10 years, and which 
will probably not be even approached during the rest of the 
period. Consequently, it is logical to limit the first cost of con¬ 
struction by allowing for “reasonable” maximum conditions, 
even if occasional breakdowns do result, 

Before proceeding with the determination of suitable design 

values for both external loads and internal stresses, it is necessary 

to consider certain aspects of safety margins on overhead lines. 

(3;3) Factor of Safety 

In the design of most engineering structures the values of the 
maximum external working loads are known accurately enough 
to make it unnecessary to take into consideration the possibility 
of collapse by overloading. For the reasons given above this 
does not apply to overhead transmission-line conductors and 
supports, failure of which on rare occasions of extreme wind and 
ice loading must be expected. To ensure consistency in design 
1 it is therefore important that overhead-line design procedure * 
should take account primarily of the external loads necessary 
to increase the internal stresses to their extreme limits, with only 
secondary regard to the stresses produced at other conditions of 
loading and temperature. In other words, the method of fixing 
safe working stresses by dividing the ultimate stresses by a factor 
of safety is not appropriate to the case of overhead lines. 

This conclusion may be confirmed by a study of the calculated 
external loads necessary to break conductors erected in accordance 
with the present Overhead Line Regulations. 

It is a simple matter to derive from the basic formulae given 
l in Section 2.1.2 the value of the load per unit length to be applied 
to a conductor to change its tension from one value to another, 
i the temperature remaining constant. If w 1 and T t represent the 
load per unit length and the conductor tension respectively at 
5 the initial conditions, and w 2 and T 2 the final load and tension. 




— t *7. ' t? J 


• - (9) 


■Hus shows that, for a given conductor, == jyr, for in- 
finitely long spans only, and that the shorter the span the greater 
the divergence from this linear relatiopiship. T’o illustrate this 
point more clearly. Fig. 5 shows the variation in the calculated 
. loads necessary to break various hard-drawn copper conductors 
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Fig. 5.—Copper ^conductors strung in accordance with Electricity Commissioners’ 
Regulation 8 f ° r ^.v. lines. Ice thicknesses: which, with a wind load of 81 b/ft 2 
will stress conductors to three-quarters breaking-load and breaking-load respectively/ 


erected over a range of spans to such sags that they develop a 
tension of half breaking load when subjected to the loading 
prescribed in the Regulations of the Electricity Commissioners 
for high-voltage lines (a radial ice coating of f in and a wind 
pressure of 8 lb/ft 2 on the ice-coated conductor). The loads 
are indicated by the ordinates to the curves, and are expressed 
as radial thicknesses of ice over which a wind pressure of 
8 lb/ft 2 is assumed to act. 

In addition to the ice thicknesses necessary to break the con¬ 
ductors, ice thicknesses are also plotted which will raise the con¬ 
ductor tension from half breaking to three-quarters of breaking 
strength. The resulting curves are all of the same general form, 
which is common to all conductors whatever their size or 
material. 

The values shown have been calculated by applying the normal 
modulus of elasticity for each conductor over the whole range 
of stress. This procedure is not strictly correct, as the modulus of 
elasticity will decrease as the ultimate stress is approached. In 
actual fact, if allowance were* made for the variation in the 
modulus of elasticity, the applied loads, necessary to raise the 
conductor tensions would be increased. This increase would be 
greater on the short spans than on the long spans, and the curves 
Would therefore slope even mo^e steeply. 


Fig. 5 shows clearly, the fallacy of jhe 
common assumption that a fixed factor of 
safety implies a constant margin of stfength, 
whatever the conductor*"material, size or span 
length. This weakness in the present method 
of fixing conductor sags and tensions has 
already been pointed out by A. Burke* and 
others. 

The only true measure of the load-carrying 
capacity of a conductor is the amount of 
superimposed load necessary to increase its 
stress to the extreme limit, and in the 
authors’ opinion the use of the term “factor 
of safety” in connection with overhead lines 
should cease. 

It therefore follows that for design purposes 
it is desirable to specify a superimposed load 
to give the highest possible internal stresses in* 
the conductors and supports. Such a load 
must still be an arbitrary one, and the possi¬ 
bility of its being exceeded must still be ad¬ 
mitted. Nevertheless, it is possible, using 
past experience as a guide, so to specify the 
value of the superimposed load that the 
chances of its being exceeded are remote 
enough to make it uneconomical to allow for 
them. 

In applying this principle to conductors, it 
might appear that the calculations should be 
made on the basis of the ultimate strength 
of a conductor, but this is open to the objec- # 
tions that a conductor cannot sustain a* stress 
only a little below its ultimate strength without 
suffering damage, and that difficulties occur 
in the making of accurate calculations as it 
is impossible to fix a satisfactory value of the 
modulus of elasticity which can be applied 
throughout the whole range of stress from 
zero to ultimate. Consequently, the authors 
suggest that loads be specified to produce 
in the conductors three-quarters of their 
ultimate stress. Up to this limit, the conduc¬ 
tors may be assumed capable of resisting in¬ 
definitely loading cycles corresponding to weather changes, and 
the use of the normal value of modulus of elasticity does not 
introduce serious errors into the calculations. Beyond 75 % of 
the ultimate strength the conductors will almost certainly suffer^ 
permanent damage, and the 25% remaining dannot be regarded* 
as capacity available for supporting.still further load. 

(3.4) Determination of Wind and Ice Loads 
The present Overhead Line Regulations of the Electricity 
Commissioners specify a wind pressure of 8 lb/ft 2 on thB pro- ‘ 
jected area of ice-coated conductors, which corresponds to a* 
wind velocity of 50 m.p.h. The chances of higher wind velocities 
than 50 m.p.h. occurring in this country are by no means 
negligible, but it is reasonable to assume that 50 m*p.h. is the 
highest velocity which will be experienced at the same twne as 
the maximum allowable ice coating, the two effects together 
stressing the conductor to three-quarters of its breaking strength. 

It is much more difficult to define the amount of ice loading 
to be allowed for, although it may be assumed that under*? any 
given weather conditions favourable to the formation of ice, the 
actual radial thickness of ice deposited will be the same for all 
! ‘'Some Problems in Transmission-Line Design,” Journal 1943, 90, Part EL 

p.loz. 'f , . 
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conductors. On the other hand, economic considerations de- and cadmium-copper conductors, values are plotted assuming the 

mand that lines of low electrical capacity shall withstand less tighter stringing resulting from the relaxed conditions now per¬ 
severe weather conditions (and hence smaller ice thicknesses) mitted by the Electricity Commissioners for light high-voltage 
than high-capacity lilies. It may also be assumed, as a general lines. A point is also shown for 0* 175-in 2 S.C.A. strung to 
guide, that the bigger the conductor the greater the importance present C.E.B. practice for 132-kV lines (27 ft maximum sag at 
of the* line, and therefore the radial thickness of ice to be allowed 122° F on 900ft span). Physical properties of the selected con¬ 
fer in the design should increase with conductor diameter. The ductors are given in Table 2. 

problem, then, is to find a relation between conductor diameter The next step is to superimpose on Fig. 6 the curve of an 
and radial ice thickness which can be shown from past experience equation connecting radial ice thickness with conductor diameter, 
to be satisfactory. which may be used for calculating the sagging basis of all con- 

With this object in view, Fig. 6 has been prepared showing, ductors. It has already been stated that such an equation must 



in relation* to conductor diameter, the radial thicknesses of ice 
whidTwith a wind pressure of 8 lb/ft 2 will stress to three- ’ 
quarters of breaking stress various conductors strung to present 
practice. The variation in load-carrying capacity with span 
length (already demonstrated by Fig. 5) is denoted by the plotting 
of a vertidal line for each conductor covering its normal range 
of span lengths! All the conductors are assumed to have been 
strung in accordance with the Electricity Commissioners Regu¬ 
lations for high-voltage lines. In addition, for the smafier copper 


be based on past experience. This experience leads to the 
following conclusions : . 

(a) Small conductors may safely be sagged to the relaxed 
conditions permitted by the Electricity Commissioners; that is, 
the tension at 22° F under a wind load of 16 lb/ft 2 on the bare 
iconductor may reach 40% of the breaking strength. For 
^ a No. 8 S.W.G. copper conductor (0-16 m 

diameter solid) on a 400ft span may be considered satisfactory ^ 


on this basis. 
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Table 2 

• Physical Properties of Conductors 


Material 

Nom. area 
(equiv. copper) 

Stranding 

Diameter 

Wt/ft 

Breaking load 

6 

Q 

Co 

Hard-drawn copper .. < 

ins 

002 

005 

0*10 

0-15 

0*20 

No. 8 S.W.G. 
3/-147 in 

7/-136 in 

7/-166 in 
19/-116 in 

in 

0-16 

0*317 

0-408 

0-498 

0-58 

lb 

0-079 

0-200 

0-399 

0-594 

0-789 

lb 

1266 

2 915 

5 873 

8 527 

11 550 

124-4 

195-4 

276-2 

337-1 

388-2 

3-42 

8-45 

16-88 

25-14 

33-34 

r 

0-022 

3/-105 in 

0-226 

0-1016 

2 227 

139-6 

4-31 

Cadmium copper .. < 

0-05 

3/-158 in 

0-34 

0-230 

4 667 

210*1 

9-76 

1 

0-10 

7/-146 in 

0-438 

0-459 

9 467 

296-6 


l 

0-175 

19/-118 in 

0-590 

0-819 

17 083 

394-9 

17 tJ 

34-49 . 

f 

0-05 

7/-132 in 

0-396 

0-144 

4 105 

223-2 

12-79 

SCA - • . 

0-10 

/7/-173 in \ 
\7/*076in / 

0-574 

0-304 

9 270 

324-0 

26-39 

1 . l 

0-175 

37/-11 in 

0-77 

0-570 

17 720 

441-6 

47-74 


(b) No appreciable change is necessary in the present sags of 
medium-sized conductors, e.g. 0- 1-in 2 copper. 

(c) Large conductors require a greater margin of strength 
(and hence larger sags) than the present regulations afford. The 
experience of the C.E.B. has shown that a 0-175-in 2 copper 
equivalent S.C.A. conductor should have a maximum still-air sag 
at 122° F of 27 ft on a 900ft span. 

The straight line drawn in Fig. 6 through the two points 
corresponding to the typical cases (a) and (c) above is represented 
by the equation 

r=\-6d+ 0-05 ... . (10) 

where r = radial ice thickness (in) and d = conductor diameter 

(m). 

The general effect of applying this law to the other selected 
conductors can now be seen. The new line cuts the individual 
conductor lines (or such lines produced where necessary) at 
points which'correspond to the span lengths on which the new 
sagging basis is the same as the present. 

I* is also important to examine the maximum still-air sags 
which result from the application of the proposed formula. 
These sags, and the corresponding tensions, are shown in com¬ 
parison with present practice in Fig. 7. The effect over the whole 
range of conductor sizes is governed by the conditions imposed 
by conclusions (a) and (c) above, and it may be seen from the 
maximum-sag curves that the desired results have been achieved 
in these cases without introducing appreciable change fo the 
sags on medium-size conductors. The authors therefore recom¬ 
mend that for overhead lines in Great Britain conductors shall 
be so strung that at 22° F their tension shall not exceed three- 
quarters of their breaking strengths when subjected to the 
following ultimate loads: > 

(d) An ice coating of radial thickness (1 - -}- 0-05) and 

(eX A wind pressure of 8 lb/ft 2 on the ice-coated conductor. 
_Ansmg out of the previous reference to higher wind velocities 
than 50 m.ph., it may be noted that the wind load in pounds 
per foot of conductor derived from the proposed formula for ice 
coatmg is 8(4-2<f + 0-1)/12. This is equivalent to 8(4-2 -f 0-1 Id) 
‘Ib/ft- 5 on the bare conductor, or at least 100 m.p.h. The corre¬ 
sponding resultant of this wind load and the weight of bare 
conductor is, of course, less than the resultant under conditions 
of ire and 8 lb/ft 2 wind pressure. Consequently, the stress in 
conAictors strung to the design basis proposed and subjected to 
a 100-m.p.h. wind without ice loading will not reach three- 
quarters of their breaking strength. 


The ice loading proposed is intended to be a minim,,m for 
Great Britain. This is consistent with the policy adopted by the 
Electricity Commissioners in framing their Overhead Line 
Regulations for securing the safety of the public. In those cases, 
however, where abnormal climatic or operational conditions are 
such that a greater reserve of strength is desirable on any par¬ 
ticular line, the ice loading may be increased above that given 
by the formula. It is suggested that this result be obtained by 
increasing the term 0- 05 to 0-25, or even 0-50. 

The authors proposals have been evolved after an examination • 
of a number of other formulae, both linear and parabolic,' all of 
which have been abandoned because the resulting sags on certain 
conductors differed greatly from the values which experience 
appears to show are safe. In many cases it is probable that 
experience is not yet conclusive, but the nature of the problem 
is such that it is not capable of complete solution on purely 
theoretical grounds. Thejproposals put forward by the authors 
are therefore based principally on practice, but with a background 
of what they consider to be sounder theory than now prevails. 

In some ways it may seem that the assumed radial ice thickness 
should not increase so rapidly with conductor diameter, in which 
case the actual formula proposed can be adjusted accordingly 
without departing from the essential principles outlined. 

This problem does not appear to have been the subject of any 
previous comprehensive study on the basis adopted by the 
authors, although certain aspects of it are dealt with" 1 in the. 
Memorandum dated May, 1930, by the British National Com¬ 
mittee of the I.E.C. This Memorandum shows how one single 
tonnula may be adapted to the existing regulations f in force in 
different countries on the assumption that the residual tension in 
an unloaded conductor is indicative of the reserve of strength 
necessary to enable the conductor to carry wind and ice loads. 
The present authors do not agree with this assumption and con¬ 
sider, as has already been stated, that the only true measure of a 
conductor’s load-carrying capacity is the amount of superimposed 
load necessary to increase its stress to the extreme limit. 


;■ ^ (3.5) Low-Voltage Lines "" 

In order to limit the loads on angle and terminal supports it 
is desirable that the conductors on low-Voltage distribution lines 
shouid be erected with much larger sags than the minimum per¬ 
mitted by either the present or the proposed regulations.' This 
prc^edure, invoiving the provision of slightly higher supports, 
leads to a small extra cost which is more than offset by the saving 
at angle and terminal positions. 
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Present common practice on low-voltage lines is to fix the 
maximum still-air sag on a given span at a constant value for all 
sizes of conductor. The authors recommend that this procedure 
should be continued, and that the stringing of all low-voltage 
lines should be based on a maximum still-air sag of 3 ft 6 in on 
a 180ft span. Fig. 8 shows how this value varies with span 


line. It is reasonable to assume that the maximum wind velocity 
that will ever occur on any line is 100 m.p.h., which represents 
approximately 32 lb/ft 2 on the projected area of corfductor 
Under these conditions, when the wind lrfad in Ib/ft on the bare 
conductors is 32d/12, it is necessary to ensure that the supports’ 
shall not be stressed to the point of failure. This also applies 
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length and gives the corresponding erection sags at various 
temperatures. Fig. 8 also indicates the maximum tensions 
which will be developed in various sizes of copper conductors 
strung to these conditions and subjected to the ice and wind 
loading recommended by the authors. 

(3.6) Loads Imposed on Supports 

The authors propose that their recommendations for ice and 
wind loading should be used not only for determining conductor 
sags but also for calculating the loads which the conductors im¬ 
pose on the supports. This question is not strictly within the 
pjpe of the paper, but it must necessarily be taken into account 
in the framing of overhead line regulations. 

Consider an overhead line with infinitely strong supports the 
conductors being subjected to a gradually increasing wind load 
until they are on the point of failure. At this stage the conductors 
are carrying their maximum possible load per unit length—the 
resultant of the wind pressure on, and the weight of, the bare 
conductor—which in turn imposes on the supports the maximum 
possible overturning loads that can ever occur on that particular 


when the conductors are stressed to three-quarters *of their 
breaking strength under the wind and ice loading given by the 

P r ° p ° sed £ or m u la, from which the wind on the conductors is 
o(4*2a + 0*1) „ ^ . 

- J 2 ' 1 o/ft. This value is greater than that given above 

as representing the maximum wind load which can ever occur on 
the bare conductor, and it must therefore form the basis of all 
calculations affecting the transverse wind load on supports. 

Should it be necessary for any special reasons to reduce the 
conductor tensions on a particular line below the per missible 
values, it might appear that the supports should be designed to 
resist transverse loads greater than normal. This follows, from 
u » * e more loosely conductors are strung, the*greater 
wll be the -value of the transverse wind loads which they can 
theoretically transmit to the supports before the conductors 
themselves are stressed to their limit. In practice, however* such 
a procedure would be considered extravagant and it is more 
reasonable in such cases to ignore the possibility of any increase 
in conductor loading above the ultimate values given bv the 
proposed formula. 














OVERHEAD TRANSMISSION LINES 


229 


The authors’ recommendation is that those supports which are 
now required to have a factor of safety of 2\ shall withstand 
withotit failure or permanent distortion the ultimate loads im¬ 
posed upon them wh&n the conductors are subjected to the pro¬ 
posed ultimate wind and ice conditions, such ultimate wind, 
deviation and terminal loads having first been multiplied by a 
“loading factor” of 4/3, thus ensuring a margin of strength in 


the supports as compared with the conductors; For wood poles, 
or any other types of support which are now required to have 
a factor of safety of 3J-, the “loading factor” should be 
4 3*5 

3 -x—,orsay2. 

The present ultimate transverse wind loads together with the 
authors’ proposals are given in Table 3. 


Table 3 

Ultimate Wind Loads Imposed on Supports by Conductors 



Wind pressure (lb/fta) 

Radial ice (in) 

Ult. wind load (lb/ft) on supports for which safety 
factor at present required to be — 


2-5 

3-5 

1. El. C. Regs, for h.v. lines. 

8 

« 

2-5‘x 8(rf+f) 

12 

3-5 x 8 (d+i) 

12 

2. C.E.B. Spec, for 132-kV lines 

8 

i 

2-5.x 8 (d+ 1) 

12 

3-5 x 8 (d+ 1) 

12 

3. El. C. requirements for light h.v. lines .. 

16 

— 

2*5 X 16^ 

12 

3-5 X 16 d 

12 

4. El. C. Regs, for l.v. lines .. 

8 

A 

2-5 X 8(</ + |) 

12 

3-5 x S(d + |) 

12 

5. Recommended basis .... 

8 

(l-6rf-t- 0-05) 

4 „ 8(4-2rf + 0-1) 

3 12 

2-O x 8(4-2rf + 0-1) 
12 



Fig. 9.—Ultimate wind loads on supports. 
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In Cases 1-4, the working loads have been multiplied by each 
of the two factors of safety in present use, namely 2\ and 3 J. 
For the case of supports at present required to have a factor of 
safety of 2\ a comparison between present practice and the 
authors’ proposals is shown graphically in Fig. 9. The ultimate 
wind loads which the supports are required to withstand without 
* failure or permanent distortion are plotted against conductor 
diameter. It will be seen that for small conductors the authors’ 
proposals result in a reduction in the wind load transmitted to 
the supports, whereas there is a tendency for this to increase on 
large conductors. The comparison would, of course, be similar 
in the case of supports at present required to have a factor of 
safety of 3 J. 

It is recommended that for supports for low-voltage lines 
which do not exceed 50 ft in height the effect of wind on the 
supports themselves shall be ignored, but that for all supports 
to which services are attached, or may be attached in the future, 
an addition of, say, 2501b shall be made to the ultimate trans¬ 
verse load, such addition being subject to the same “loading 
factor” as the other loads. 

The method of dealing with the actuaTwind pressure on sup¬ 


ports for other classes of line needs to be defined, but this is a 
straightforward matter and does not present difficulty. 


(4) CONCLUSIONS 

The conclusions to be* drawn from the paper may be 
summarized as follows: 

1. There is a need for a standard notation and a generally 
accepted procedure for dealing with sag problems, on the lines 
advocated in the paper. As a further aid to computation, the 
standard form of calculation sheet shown in Fig. 10 is recom¬ 
mended. The equation quoted [equation (3) in the paper] 
reduces to the form (Z,/r 2 ) 2 -T 2 = K 2 , where K t and K 2 
are known. The determination of T 2 by trial and error is 
greatly facilitated by the use of a slide rule. A rough approxi¬ 
mation must first be made by inspection, when KJT 2 may be 
set on the lower scales and (KJT^ 2 read direct on the'top 
scale. The assumed value of T 2 is then deducted and the result- 
compared with K 2 . The process is repeated until agreement 
is reached. The importance of a standard method of calcula¬ 
tion cannot be over-estimated, as, apart from greater speed of 


Physical properties 
Equivalent area of copper 
Material .. .. .... 

Size and stranding 

Overall diameter. 

Area (A) 

Breaking load .. .. 

Modulus of elasticity (E) .. 

Coefficient of expansion per deg. F (a) , 
Weight per ft . . .. 

V(@) =Ci 

ocEA - C 2 


Loading conditions 
Radial thickness of ice 
Wind pressure per ft2 
Basis of wind calculation 


Weight per ft, no ice 
Wind per ft, no ice 
Resultant per ft, no ice 


Weight per ft, with ice 
Wind per ft, with ice 
Resultant per ft, with ice 


Maximum tension . 
Temperature range,. 
Normal span length 
Basic span length .. 
Basis of sag calculations 
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Fig. 10.— Form for calculating tensions and sags. 
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working and simplicity generally, the chances of.error are 
reduced to a minimum. 

2. The procedure for dealing with complete lines involves a 
number of complications which call for the introduction of 
approximations based on a thorough understanding of the whole 
problem. Consideration should be given to the desirability of 
treating all lines, including those supported on pin-type insulators, 
as freely supported lines. 

3. The authors recommend that the expression “factor of 
safety’’'should not be used in connection with overhead lines and 
that the Electricity Commissioners’ Overhead Line Regulations 
should be amended as follows: 

(a) The tension in a line conductor shall not exceed three- 
quarters of its breaking strength when subjected to an 
ice load of radial thickness (l-6d+ 0*05) inches at 
22°F and a wind pressure of 8 lb/ft 2 on the ice-coated 
conductor. 

• (b) Supports shall be required to withstand without failure or 
permanent distortion the loads imposed on them when 
the conductors are subjected to the loading described 
above multiplied by a loading factor of 2 in the case of 
wood poles or 4/3 in the case of other types of support. 
For low-voltage lines, supports required to carry services 
shall' also withstand an additional load of 250 lb, in the 
direction of the service, multiplied by the appropriate 


loading factor. The wind pressure on the supports 
themselves shall be allowed for on a suitable basis, except 
for low-voltage line supports not more than 50 ft high, 
in which case it may be ignored. 

4. The proposals made in Paragraph 3 above apply to all 
classes of line as minimum requirements for Great Britain or for 
countries experiencing similar weather conditions. For the 
tropics or other regions where ice loading does not occur, the 
problem is somewhat different, as it may be possible to determine 
with reasonable accuracy the maximum wind loads that will ever 
be experienced. 

5. The sagging of conductors on low-voltage lines should be 
based on a maximum still-air sag of 3 ft 6 in on a 180ft span, in 
accordance with the curves given in Fig. 8. 

6. It is urged that if the authors’ recommendations for revised 
regulations be adopted, they should be accepted for all lines, 
including all crossings of roads, railways, rivers, canals, etc, 

7. The paper does not deal with suspended cables, or combined 
Post Office and low-voltage distribution lines, and these cases 
may call for separate investigation. 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, 8TH DECEMBER, 1943 


Mr. P. J. Ryle: With regard to the transverse loads applied to ■ 
angle supports due to the conductor, I agree with the authors 
.that formula (7) should be used, Variations have from time to 
time been suggested to allow for the supposition that the direction 

of the wind cannot simultaneously be normal to both spans. At 

first sight this seems logical, but it may lead to still further com- . 
plication. First, it is not generally agreed how the wind pressure 
normal to a conductor varies with the obliquity of the wind to 
the conductor, and, secondly, if account is taken of the effect of 
such obliquity it becomes necessary to consider also the difficult 
case of the wind normal to one span and very oblique to the 
other. This sets up awkward unbalances, including unbalanced 
longitudinal loads on the pole. Consequently, I think that 
formula (7) is the only one for practical design work. 

It is however quite possible for the wind to be normal to two 
spans at the same moment. I have often observed from hills m 
the Lake District, looking'down on a tarn below and watching 
the ripples caused by the wind, that even at points only 500 ft or 
so apart* the direction of the wind may vary by anything up to, 
say, 60 deg. The directions of motion of snowflakes in a gale. 

also make this self-evident. . „ . . . , 

In Section (3.2) the authors say that the direct effect of wind 
pressure on the supports is seldom of much importance. 1 do 
not entirely agree, for with steel towers the overturning foment 
due to the tower wind is sometimes about 20-30% of that du 
to the conductor wind. In any case, the effect of a 90-100 m.p. • 
gale on the bare line Must be borne in mind, as even on a wood 
pole the transverse load is then quite appreciable compared witn 

that on the conductors. . . « , • ' • 

The authors point out, for the first time I think, the very mco - 
sistent* position we have reached in our regulations for tn^ 
assumed loads on conductors. The Electricity 
Regulation for ordinary h.v. lines is fin ice and 8lb/f wm 
pressure, but under the new “light” line regulation^prop^ : 
the ice is abitradly taken off altogether and the wind pressure 
increased to 16 lb/ft 2 As the authors point out, any general 
assumption of small ice thickness is quite illogical, and apart trom 
statutory safety margins the matter really boils down to prae 


gnoinppring economics. Nature never concerns herself whether 
the line is “light” or “heavy,” and, ignoring all regulations, 
she may pile on 3-4 in of ice, a state of affairs for which nobody 
could economically allow. The authors propose to allow for 
Nature’s vagaries in a more consistent way than at present 
allowed for in our designs. It might be argued that the assumed 
ice thickness should be'a function of the importance and there¬ 
fore (ro ughly ) of the capital cost of the line, but that would of 
course be impracticable. Instead of referring to ice at all, would 
it not be better merely to specify vertical and horizontal loads 
of some function of d, as, I believe, the Germans do? 

For large conductors, modem practice is tending towards 
flying sags and tensions chiefly from the point of view of avoiding 
vibration fatigue. On this basis the important feature is what I 
call the “everyday” tension, i.e. the actual tension in a conductor 
for probably 98 % of its life under more or less still air conditions 
at 40 or 50° F. Under this tension the stress in the conductor 
should not exceed some fraction—about 1/5 or 1/6—of the ulti¬ 
mate strength, depending on the material of the conductor. For 
large conductors, such a basis leads generally to adequate but 
not excessive margins of safety under maximum loading con¬ 
ditions of the order of |in ice and 8 lb/ft 2 wind pressure. 

In this connection Fig. 9 is rather deceptive; Curve 2 for the 
C.E.B. 132-kV lines ought to stop at about 0-6in diameter, 
since smaller sizes are not used for 132 kV. . 

I am glad that the authors have not recommended a variation 
of the assumed ice or wind depending rigidly on the part of the 
country or the height above sea level In die last 15 years, the 
bimaxd conditions which have caused trouble have often oc¬ 
curred in the least “exposed” areas in the south of England; the 
only disastrous ice loading in the North-East Coast district was 
in the lowest and flattest parts of that area. _ . . 

Mr E. T. Painton : Different ways of specifying the basic load¬ 
ing are used in different countries, but in nearly every case the 
specification reduces to a figure which is directly proportional 
to the conductor diameter. One exception is the German system 
of basing the load on the square root of the diameter. In no 
country is the basic loading proportional to the square of the 
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diameter, yet that is really what the authors now suggest, for 
they propose that the thickness of ice shall increase with the 
diameter; and hence the weight of ice must be a function of the 
square of the diameter. The accumulated experience of every 
country appears to be against their suggestion. 

I think we should bear in mind that, in fixing any basic 
loading, we are really taking a chance on the weather. It is 
agreed by the authors that the thickness of ice which forms under 
any particular conditions does not increase as the conductor 
diameter increases, so that the basic load is solely a measure of the 
probability of breakdown within a given period. If we design 
on a 2in ice thickness, for example, the risk of breakdown due to 
bad weather will be very small, irrespective of the conductor 
diameter. With a smaller ice thickness the risk increases, but 
with any selected thickness there will be no greater risk of break¬ 
down with a large conductor than with a small one. Therefore 
what justification can there be for saying that if I use copper con¬ 
ductors the basic loading shall be fin of ice, but if on the same 
line I use cadmium copper I must design on a larger thickness, and 
with steel-cored aluminium a larger thickness still? What the 
authors really want to do is to increase the loading factor, and 
therefore reduce the risk according to the importance of the line; 
they have been misled into judging the importance of the line 
by the diameter of the conductor. 

The authors dislike the term “factor of safety” as used in the 
present Regulations; it is true that if a line is designed with a 
nominal factor of safety of 2 on a f in ice basis it could withstand 
more than twice that load without breaking. They give a method 
of calculating the actual load to break a conductor, but this 
assumes the constancy of the modulus of elasticity, i.e. they 
assume that the total stretch of a copper conductor up to the 
breaking load is only 0*3%, whereas we know that it is between 
1* 5% and 2 %. The actual load to break the conductor will be 
much larger than that calculated by the authors’ method. In 
short, our nominal factor of safety of 2 corresponds to an actual 
factor of safety of 10 or more. It is interesting that the real 
factor of safety decreases as the conductor diameter decreases, 
so that it would be logical to base our design on a uniform ice 
loading for all conductors and to reduce the nominal factor of 
safety for a larger one. 

As regards the conductor tension, I argue that weather condi¬ 
tions which load the conductors up to J of the breaking load 
would not ruin them. They would, however, be stretched to such 
an extent that the whole line would have to be re-strung. This 
could be avoided if the elastic limit were increased to 75 % of its 
ultimate strength, but that wouldinvolve excessivepre-tensioning. 

Mr. H. W. Grimmitt: When stringing, conductors should be 
pre-stressed before finally making-off. The authors dismiss this 
necessary precaution purely on account of cost. It is difficult to 
produce evidence in support of this, but I am sure there has been 
less trouble with pre-stressed conductors than with those which 
have not been pre-stressed. 

Mr. Painton suggests that when they reduced the radial thick¬ 
ness of ice from f in to ^ in the Commissioners were influenced 
purely by the question of cost. That is not so. In practice it 
was found most unsatisfactory to string small conductors, i.e. 
below 0*04 in 2 copper, with tensions calculated on a fin-ice basis. 
The tension in the conductor at normal temperature was so very 
low that the conductors blew about in the breeze. It is wrong 
to assume that a constant radial thickness of ice is satisfactory 
for all sizes of conductors. A radial thickness of fin is quite 
satisfactory for conductors from 0*075 up to 0* 125 in 2 . Seven 
ys&ps experience has been gained of small conductors str in g 
tb -nr in ice and exposed to very bad weather; these lines have 
proved satisfactory and reliable, v 
It is obvious that the Commissioners—Regulation^ do not 


give a sufficient loading for the larger conductors, i.e. above 
0-15 in 2 . This has been borne out by the C.E.B. using a fin 
radial thickness of ice with a factor of safety of 2-1. The 
C.E.B. have now gone a step further and based the stringing 
of the Grid conductor on a maximum sag of 27 ft at 122° F for 
a 900-ft span. This increase was undoubtedly influenced by 
vibration trouble. 

The value of the authors’ paper is the attempt to rationalize the 
design of overhead lines, and I suggest that they have achieved 
their object. The paper also draws attention to the uselessness of 
the present -/ Q -in ice load in the Commissioners’ Regulations 
for low-voltage lines. No one in this country erects lines to this 
loading, and unfortunately most people when erecting low-voltage 
lines do so without sag/tension charts. 

In Fig. 9, curve 2 should stop at 0 - 6 in diameter as Mr. Ryle 
has pointed out, and the lower curve No. 3 should stop at 0*3. 
For conductors between 0*05 in 2 and 0* 125 in 2 copper there is 
a big discrepancy between the recommended ultimate wind load * 
per foot and the Commissioners’ Regulations. The difference 
decreases as the conductor size approaches 0*125 in 2 . This 
means that much lighter supports can be used than hitherto. 
Judging from the experience accumulated in this country with 
light lines and also with some war-emergency lines which are 
extremely light and are operating satisfactorily, I think that this 
reduction is perfectly safe. 

Mr. G. W. Preston: I agree that the authors’ method of cal¬ 
culation is as accurate, from the practical point of view, as the 
use of the catenary formula, but I am not sure it is necessary 
to have a standard method of calculation, and I see no reason 
why those accustomed to use the catenary method should not 
continue to do so. 

With regard to pre-stressing, I agree with Mr. Painton that the* 
authors’ statement that the erectioq sags should be reduced “by 
an amount up to, say, 10 %” does seem a little vague. I think 
a much more scientific method would be to determine for each 
type of conductor the permanent elongation obtained when the 
conductor was subjected to themaximum load. Whencalculating 
erection sags the permanent elongation which might be expected 
could then be subtracted from the length of the unstretched con¬ 
ductor, as is done in America. 

In Section 3.3 the authors say that “overhead-line design pro¬ 
cedure should take account primarily of the external loads 
necessary to increase the internal stresses to their extreme limits 
with only secondary regard to the stresses produced at other con¬ 
ditions of loading and temperature.” I am not sure that the 
authors have not concentrated a little too much on the maximum 
loading without giving sufficient consideration to the tensile con¬ 
ditions at other periods. I see that according to the authors^ 
curves the No. 8 S.W.G. conductor in'a 200ft span has about 
30* 8% of its ultimate tensile stress at 122° F, which h something 
like 46% at 60° F. That is a rather high tension for very long 
periods, judging by experience obtained elsewhere. In one of 
the American safety codes, the tension for rural lines is r limited 
to 25% of the ultimate at 60° F for single-wire, 7- and 19-strand , 
conductors and to 30% for 3-wire conductors, the maximum 
erection tension at 60° F not being allowed to exceed 35 % on 
any conductor. I feel that we should not concentrate too much 
on the maximum loading conditions but should al§o takg into 
account nonfial operating tensions. * 

The authors refer to possible damage of the conductor if it is 
loaded to more than 75% of its ultimate strength, but I am not 
sure that in the case of copper conductors it is correct to say 
that beyond 75% the conductors will almost certainly suffer 
permanent damage as far as their ability to carry further load is 
concerned. The 0 * 1 % proof stress of hard-drawn copper is at. 
least 83 % of its ultimate strength. 
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Mr. J. R. Harding: The first part of the paper is an extremely 
useful sumthary of the sag calculations required in designing and 
setting <out overhead lines, and although the forms of the final 
equations in Section 2® are not those employed by all engineers 
they are at least as convenient as any. 

To derive the full benefit of the standard notation and form 
of calculation sheet proposed by the authors, it would be of 
great advantage if some co-ordinating body, possibly the British 
Standards Institution, could collect and publish sag calculations 
and tables for the conductors commonly used in this country and 
incorporate with these a model form of calculation sheet and the 
standard physical constants of the materials extracted from the 
respective B.S. specifications. Engineers who have collected 
their own data based on their own methods might then be 
tempted to adopt these standards for future calculations. If 
this is not done, the advantages claimed at the end of conclusion 
1 (Section 4) for a standard method are in effect an inducement 
to each engineer to adhere to his present method and collected 
data as affording a useful check on fresh calculations. 

I support the authors’ emphasis on the factors listed in 
Section 1 which limit the degree of accuracy attainable in 
practical sag calculations, to which they add the uncertainty as 
to the degree of freedom of support to be assumed for both pin 
and suspension insulators. I support their recommendation 
that both should be treated as freely supported and that pre¬ 
stressing of conductors should,not be adopted. Since the non¬ 
elastic stretch of conductors results in an increase of length, and 
therefore corresponds in effect to a permanent increase of tem¬ 
perature, it would seem logical and convenient to allow for this 
factor,*when necessary, by specifying that the conductor be 
erected to a sag corresponding to a temperature which is a fixed 
"amount below the actual temperature. 

Section 3‘gives a clear picture of the problems associated with 
ice loading and the proposed modification to the Regulations is 
developed logically from the argument, but the curves in Fig. 7 
seem to' show that there would be little practical advantage in 
making the change. The reduced erection tensions recom¬ 
mended for the larger conductors are obtained in practice, when 
required, by adopting |in ice loading, and the increased erection 
tensions for the smaller conductors under the relaxed Regulations 
correspond reasonably closely to those on the recommended 
basis, I can see no justification for the work involved in calcu¬ 
lating a new range of resultant loads for the proposed variations 

in thickness of ice. 7 . . 7 

If any change is made I would prefer a simplification by 
adopting a small thickness of ice for all conductors and varying 
the factor of safety with conductor diameter to the equivalent 
Extent in a convenient number of steps. I agree that some such 
term as loading factor would, however, be more accurate than 
factor of safety. 

Mr. J. W. Tubb: For calculating conductor sags, surely it is 
desirable to adopt an exact method when it exists and not add 
another* inaccuracy, however slight, to those already existing. 
Hitherto most engineers have adopted the parabolic formula 
because it is simple to solve. The catenary method has not 
been used so readily because of the difficulties of arriving at and 
solving hyperbolic expressions, yet once the catenary equations 
have fceen dbnverted to engineering terms, and this has been 
done f<Jr us, accurate results for all span conditions can be 
obtained more quickly with less mathematical effort than by the 
other method. . , 

In Table* 1 the authors suggest that one should fix a maximum 
equivalent span and make this the basic equivalent span for the 
whole line. I agree with this in principle, providing the span 
lengths throughout the line do not vary too much. 

In the last paragraph of Section 2.2.5 the authors suggest that 


the practice of pre-stressing conductors during erection is to be 
deprecated, principally on account of cost. I disagree with this 
point of view, particularly with regard to primary lines. It is 
not costly, and, where composite conductors are concerned, 
having regard to the difference of modulus of elasticity between 
the steel core and the aluminium, when a line is pre-stressed and 
then let down to its correct sag there is certainly a reduction in 
the proportion of stress carried by the aluminium. This is very 
desirable in the light of vibration fatigue fractures. I do not 
agree with the suggestion of allowing, say, 10% undersagging to 
save the trouble of pre-stressing. 

I agree with the authors that it is very difficult, and perhaps 
useless, to define a factor of safety when this is based on the 
unpredictable, namely the weather, ice loading, etc., but I find 
it difficult to reconcile their suggestion that “the loads be specified 
to produce in the conductors three-quarters of their ultimate 
stress;” in other words, a definite factor of safety of 1 J. 

Fig. 6 suggests striking a mean between all the agreed condi¬ 
tions for ice and wind loadings by adopting a straight-line law. 
This law would cause the ice loadings to vary with the conductor 
diameters and would restrict the freedom of choice for lines 
run in areas of varying geographical and meteorological 
conditions. 

The paper does not refer to conductor fatigue failures caused 
by vibration at normal temperature. Some significance has been 
attached to this trouble on certain lines, and the conductor 
tension in still air at 40° F made the principal feature of the sag 
calculation. 

I suggest that a model specification be prepared giving a 
maximum value for erection tension at a normal temperature 
of, say, 40° F, together with the maximum permitted span for 
each conductor throughout the range of conductors in use, in 
preference to a factor of safety that we are trying to avoid. 

Mr. W. J. Nicholls : I support the standard form of sag calcula¬ 
tion table in Fig. 10. In Section 2.2.6 reference is made to sag 
templates and an example is given, but there is no suggestion 
that the profile scale should be standardized. I think it would 
be of considerable help if it were standardized at the figures 
given in this example. „ 

With regard to paragraph (c) of Section 3.4, where there is a 
reference to the C.E.B. maximum sag of 27 ft on a 900ft span, 
it should be made clear that this sag was increased from the 
22 ft used on the original Grid solely to avoid vibration troubles, 
and, so far as ice and wind loading is concerned, experience has 
shown the 22ft sag to be satisfactory. - 

With reference to the factor of safety and the authors’ sug¬ 
gestion of 75 % of the ultimate load, we should differentiate 
between such widely-varying materials as aluminium and cad¬ 
mium copper by considering a loading which, I believe, the 
Germans use and which they call the permanent tensile strength 
of the conductor. This is the maximum tensile strength which a 
conductor will resist for one year without breaking, and is 
determined for each material. 

As to ice loading, I am afraid the author’s formula is a little 
unfair to certain conductors. For a large-diameter conductor 
of steel-cored aluminium this formula gives a large amount 
of ice as compared with a pure copper conductor of the same 
capacity. I suggest that, instead of building up the load from 
the weight of ice and the wind pressure, we should go straight to 
the load in pounds per foot of conductor. For example, we 
might take the total load on the conductor, including its own 
weight, as twice the weight plus f Ib/ft run. This would give a 
loading which for 0*175 in 2 conductors is very slightly less than 
that given by | in ice plus wind, and for medium conductors is 
almost equal to the loading of fin ice plus wind, while for 
small conductors it falls to a little over J Ib/fL 
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Dr. H. G. Taylor: The factor of safety was referred to in the 
paper read by Mr. Burke* in December last, and there was con¬ 
siderable divergence of opinion in the discussion. The present 
authors have been very discreet in saying that they think “factor 
of safety” is not an appropriate term to apply to overhead lines, 
but I am not sure that they are talking about the same thing as 
Mr. Burke, because they say that it is a fallacy to assume that a 
fixed factor of safety implies a constant margin of strength, 
whereas I think it does. I understand “strength” to mean stress. 
If the authors mean by “strength” load, then I agree that they 
are right. 

I am concerned at the emphasis which has been laid on 
the ice coating on the overhead line, since this is not the only 
factor. There are also the windage and the reduction of tem¬ 
perature, and if we adhere to “factor of safety” we can take 
account of all three. Incidentally, I am surprised that in such 
discussions as these no one ever thinks of a temperature of less 
than 22° F, which, after all, is not particularly low for this 
country. 

On the question of maximum permissible stress I find that 
Mr. Boyse has changed his point of view since the discussion 
on Mr. Burke’s paper. Then he thought copper should not be 
stressed to more than half its breaking load; now he thinks it can 
be stressed to f of the breaking load. A number of different 
suggestions on this point are available. Mr. Burke in his paper 
suggested 90 % of the ultimate tensile stress, i.e. a factor of safety 
of 1 * 1. The present authors propose 75 %; i.e. a factor of safety 
of 1-33, under different conditions of ice loading. The Elec¬ 
tricity Commissioners propose 50%, i.e. a factor of safety of 2, 
with f in ice at 22° F. I maintain that one can continue down 
that scale; in fact, we have done so to some extent in the case 
of the relaxed conditions of the Electricity Commissioners where 
the ice loading is left out altogether and the factor of safety is 
2 • 5 with wind loading only. I would go still further than that. 

I see no logical reason why, a larger factor of safety should not 
be assumed under a more lightly-loaded condition. 

In the discussion on Mr. Burke’s paper I compared three 
loading conditions, the first being the condition suggested by Mr. 
Burke, the second the normal condition, and the third a condition 
with a factor of safety of 4 at 74° F. The sag curves correspond¬ 
ing to these conditions were arranged to give the same sag for 
a normal conductor of 0 1 in 2 at a span of 350 ft and I drew 
attention to what seemed to be distinct advantages in the third 
loading condition. [Dr. Taylor here drew a sketch on the black¬ 
board.] It will be noticed that in the diagrams in the bottom 
row in Fig. 7 the tension curve is practically flat, where the 
Electricity Commissioners’ Regulations are used, but the 
authors’ suggestions give a much more sloping curve. The re- 
, suit of having a steep loading curve is that there is a big difference 
in tension on the two sides of a section tower. In diagram (j) 
in Fig. 7 there is about 7001b difference of tension per 100ft 
difference of equivalent span on the two sides, which corresponds 
to 2 tons for six conductors. In diagram (m) in Fig. 7, where 
the disparity is greatest, for a difference of 100 ft the difference 
in tension is 3 tons, I think that is very important indeed. If 
we refer to the sag curve, we see that in diagram.(m) the authors’ 
curve goes up very steeply, which indicates that on the long spans 
them is much greater sag and therefore a much greater risk of 
clashing with conductors, and to avoid this it is necessary to have 
much greater spacing in addition to taller towers. On a 1 000ft 
span the sag is increased from 20ft to 35ft. That seems to be 
a very serious disadvantage, and occurs to some extent in all the 
curves ^ the authors show. Another disadvantage, is that 
on the shortest spans there are more likely to be vibration 
difficulties. 1 a-/. 

* “Some Problems uilVmiSQUssion-nme Design” (see 1943,Paa^ H, p. i58). ^ 


Mr. C. H. E. Ridpath: In Section 3.4 there is a reference to the 
formula evolved by the British National Committee of the 
I.E.C. That formula was finally approved in its provisional 
form at the meeting of the I.E.C. at Scbeveningen in 1935. I 
think it is important because it was intended to be a basis for 
International Regulations and assumes a total loading which in¬ 
creases as a linear function of the diameter, whereas the authors 
suggest a formula which increases the load as the square of the 
diameter. This loading must result in a large increase in the 
cost of supports, and it must be very carefully examined, with the 
experience amassed so far, in order to see whether the extra 
loading and extra cost are really justified. We can do that by 
examining certain cases where there have been heavy ice loads. 

I have one case in mind, namely the 132-kV line of the Grampian 
Electricity Supply. That line*operates in Scotland at altitudes of 
over 1 000 ft and presumably the wintry conditions are fairly 
severe. This conductor was strung in accordance with the Regu¬ 
lations to which the Grid was originally made to conform, that 
is, | in ice, a wind pressure of 8 lb/ft 2 and a factor of safety ofa 
little over 2. That corresponds to a maximum of still-air sag of 
22-4 ft, whereas the authors’ proposed sag in Fig, 6 works out 
at 27 ft. . I have confirmed that during its 13 years of life this 
conductor has stood up to the wintry conditions of those altitudes 
in such a way that there has been no question of increasing the 
factor of safety. I think cases like that must be considered when 
the authors’ suggested loading is examined. 

In the much-discussed chart given in Fig. 6 the position of the 
top part of the curve is fixed by this particular point, i.e. 27 ft 
sag on 900 ft at 122° F, and from the paper it appears that this 
was so because the sag had been determined by experience gained 
under ice-loading conditions, but I understand now that it was 
due to the possibility of vibration trouble, which is obviously a* 
different matter altogether (especially as vibration trouble can be 
eliminated by suitable dampers). It appears therefore that, as 
far as the larger sizes of steel-cored aluminium are concerned, 
the location of the top end of the curve is not justified and hence 
the necessity for the resulting heavy loading has not been proved. 

Mr. A. Burke {communicated): In Table 1 the authors sum¬ 
marize “the correct procedure” which, I agree, enables the Regu¬ 
lations governing minimum ground clearance and maximum 
tension to be exactly satisfied. Their method, in the case of free 
supports, is acceptable for lines which are unlikely to be affected 
by vibration and for those lines to which dampers *are fitted. 
But for lines with the larger sizes of copper conductors and rather 
short spans their method leads in some cases to an undesirably 
high tension under everyday conditions. 

The authors rightly state that it is desirable to specif^ a super* 
imposed load corresponding to the highest possible stress, but 
they add that a conductor will almost certainly suffer permanent 
damage if it is stressed to more than 75 % of its ultimate strength. 
On what data do they base this conclusion? Copper conductor 
will withstand a stress of 75% of its ultimate strength con¬ 
tinuously for over a year, but S.C.A. is not so good. Hence, on 
the authors’ assumption ofa 10-yearly.heavy loadiilg, it should 
be permissible to take a higher figure than 75% for copper— 
perhaps as high as 90% as suggested in my paper. No final 
decision should be made without carrying out extensive tests on 
all types of conductor, and the necessity for doing so is not 
obviated by taking a conservative figure of 75%, since the correct 
figure varies with the material. The authors’ second difficulty 
(regarding the modulus of elasticity) is simply solved by the 
method in my paper. * 

As regards the actual loads, the specified minimum thickness 
of ice should be the same for all sizes of conductor and its value 
should be such as would give the mmimum permissible degree of 
safety in the smaller sizes of conductor when used on the maxi- 
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mum economic equivalent spans for these sizes. Undoubtedly 
this would permit much tighter stringing for the larger sizes than 
on existing lines, but the designer would be free to select a lower 
tension in order to ensure freedom from vibration trouble or to 
get a higher degree of safety commensurate with the importance 
of the particular line. These latter questions should not be con¬ 
trolled by statutory regulations and in fact the Electricity Com- - 
missioners’ Overhead Line Regulations are “for securing the 
safety of the Public.” Hence the authors are proposing an (un¬ 
desirable) innovation when they suggest that these Regulations 
should berevised in accordance with their formula for ice loading, 
which is clearly based on economics and not on public safety, in 
the case of the larger sizes of conductor. h 

A radial thickness of ice of 0*31 in at 75% of the ultimate 
strength is far too low for 0*02 in 2 copper conductor. In other 
words a 400ft span is too long for this conductor when erected 
in accordance with the Electricity Commissioners’ relaxed Regu¬ 
lations; a suitable limit is 300 ft. 

Mr. A. C. Fielding (<communicated ): It-appeared from a super¬ 
ficial consideration of the proposed series of parabolic templates 
that an interval between successive members of the series equiva¬ 
lent to, say, 6 in on the sag of a 500ft span might be satisfactory 
for setting out a profile on level ground, but that the difference 
between the slopes of successive templates at the tops of 3 000- 

4 000ft spans might seriously limit the usefulness of the proposal. 
It is so frequently necessary, ^ven on aline of comparatively short 
spans, to use a template covering very long spans in order to plot 
the conductor profile on sloping ground, that any considerable 
error in the slope at the extremities of the template would produce 
unacceptable inaccuracies in setting out. Calculation of a 
typical example shows, however, that the danger is not serious. 

* Assuming that one template represents on a 400ft span a sag of 

5 ft and the next template a sag of 5 ft 6 in, the corresponding 
slopes of the sloping 400ft spans between the ends of a 3 200ft 
and a 4 000ft span are approximately 78° and 79° on a 
template with vertical and horizontal scales of 1 in to 20 ft and 
200 ft. This indicates that, with comparatively coarse steps 
between successive standard templates, the errors introduced by 
the use of the standard template nearest to the theoretically- 
correct template will not be serious. It will be interesting to 
know the range of templates which the authors propose. 

Modification of the existing Regulations is most desirable, but 
the revised Regulations should be simple and should obviously 
be an improvement on the present ones. The statutory f in 
radial ice irrespective of the size of conductor is supported by 
observation of the actual thicknesses of snow or ice carried by 
conducjprs of different sizes under similar abnormal conditions, 
ffn south-west England and in South Wales during the snowstorm 
of February,. 1933, the thicknesses of snow on P.O. lines and 
on 0 •77in- dia. conductors were more nearly equal than in pro¬ 
portion to the conductor diameters. That a unifprm ice coating 
affects most seriously transmission lines employing small con¬ 
ductors is a feature common to structures and plant of many 
types; the smaller the unit the more heavily outside conditions 
affect the design. The only logical reason for reducing the 
loading of less important lines is that of commercial risk and 
expediency, but the assumption that the less important lines are 
those with small conductors is not a valid generalization. In the 
initial Reparation of a scheme, a choice has frequently to be 
made between a line with a small conductor and a lower voltage 
line with a big one. It would therefore seem logical when modi- 
fi^g^to ice or equivalent loading to introduce a factor 

to present the importance of the line. The factor might be 
the product oftflfe area of the conductor and of the voltage or be 
otherwise related to the designed loading capacity of the line. A 
linear relation between the conductor diameter and the thickness 


of ice appears to conform neither with the loading encountered 
in practice nor with the grading of the load to suit the importance 
of the line. This is surely a problem for the Electrical Research 
Association. 

Mr. J. P. Harding ( communicated ): In Section 4 the method 
given for the determination of T 2 involves setting up on the slide 
rule KJT 2 , squaring this, deducting T 2 and comparing the result 
with K 2 . Two constants K x and K 2 are thus involved and an 
initial division KJT 2 . Using the nomenclature of the paper,. a 
slight simplification can be made by expressing equation (3) in 
the form— 

T 2 (r-r 0 ) = (c 1 o)L) 2 .... (i) 

Suffix 1 applied to both T and to will give the relationship between 
these quantities under initial conditions; suffix 2 gives the same 
relationship under final conditions. 

This equation can be solved for Jq with the slide rule. It can 
be shown that T 0 is actually the tension which would exist at 
zero loading. This may be visualized as that occurring in a wire 
of zero or negligible weight, or in a wire of finite weight if the 
points of suspension be assumed to be lowered to ground level 
while being maintained the same distance apart. !T 0 may be 
positive or negative and will, of course, depend on the tempera¬ 
ture. A negative tension indicates that the wire must be under 
compression to assume the length between supports. A positive 
tension indicates that the wire would still be under tension when 
relieved of all load. 

The change inT 0 for a rise in temperature of 6 deg C is — C 2 6 9 
where C 2 = ocEA, as in the paper. 

Thus V Tq = T 0 — C 2 6 . . V , (2) 

If, therefore, values of T and to are given,’ the value of T 0 may 
be found from equation (1). Correction for temperature can 
then be made by equation (2). Equation (1) is used finally to 
ascertain the tension under the changed loading conditions. 

Since the authors recommend that a conductor should not be 
stressed to more than three-quarters of its breaking load under 
the most adverse conditions assumed, it may be more convenient 
to use equation (1) in the form below:— 

f 2 if-fo) = C 3 (coLJA) 2 . - • •• (3) 

where/is the stress in the conductor, and C 3 is £/24. Suffix 1 
or 2 may be applied to / and to as stated for T and to in 
equation (1). 

I support the authors’ criticism of the term “factor of safety” 
and its use as a basis of calculation; it should be replaced by a 
term such as “load factor at yield,” being the ratio of that lpad 
which produces a tensile stress equal to the nominal value of the 
yield of the conductor to the maximum design load. 

On this basis, the authors’ recommendation to permit con¬ 
ductors under maximum design load to reach within 75% of 
their ultimate breaking load would be equivalent to a “load 
factor at yield” of unity, assuming that the yield point of the 
conductor was at 75 % of its ultimate load. Thus, whilst a satis¬ 
factory mar gin of strength relative to failure may be obtained, 
there will be no margin relative to yield. Due to inaccuracies 
in erection, the conductor may, under maximum design loading, 
reach a tension beyond its yield point, suffer permanent set and 
reqtnre restringing. 

?ft i$ suggested that a ‘^oad factor at yield” of between 1 j and 
1 j'wouldbe appropriate and aroid t^ Alterna¬ 

tively, the stress in the conductor under maximum load could be 
limited to about 90% of its yield stress. Equation (1) repre¬ 
sented graphically (Fig. A) shows clearly the connection between 
^#nd co, and brings out the discrepancy betw^ 
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Fig A 

safety” as commonly assumed and the proposed “load factor at 
yield.” It can be shown by successive differentiation that the 
T, co curve contains a point of contraflexure at T ~ (4/3)T 0 and 
that the slope of the graph dT/dco at co = 0 is zero. This is of 
particular importance in the calculation of stringing tensions for 
aerial cables, since a small superimposed load such as the load 
of the suspension strand itself will produce only a very small 
increase in the tension T 0 . . Thus, with very close approximation, 
the stringing tension of the suspension strand of an aerial cable 
may be taken as T 0 (the weightless tension), which considerably 
simplifies the work of design. 

Mr. G. W. Molle {communicated): I think the authors will 
agree that the real limiting factors on the erection tensions ap¬ 
plied in practice are connected more with the stability of angle 
and terminal supports, and of stays, than with weather condi¬ 
tions. It would not be a practical proposition to erect conductors 
at the tensions permitted by the Regulations: the ironwork and 
insulators at terminals and heavy angles would not stand it. 

It does not seem to be generally appreciated that the “ice¬ 
loading” specified in the Regulations has nothing to do with 
actual ice. It is intended to limit, artificially, the tensioning of 
the smaller conductors and to ensure that conductors are not 
strung to tensions where vibration troubles are experienced. 
For these reasons ice-loading should be applied in the design of 
conductors erected in the tropics; I found in India that it was 
not a practical proposition to string conductors to the tensions 
calculated on wind loading alone. 

Some years ago, I investigated actual weather conditions in 
this country over a period of 50 years. Severe conditions may 
be expected once in 10 years, and a blizzard in which ice loading 
and 60-80 m.p.h. wind occur simultaneously, about once in 
30-40 years. Notable winters occurred in 1880, 1916, 1927 and 
1939. In 1939-40 I saw solid ice of 1 Jin diameter on con¬ 
ductors of all sizes for miles on end. Some 1. v. 4-wire conductors 
failed under ice load alone and P.O. lines and poles collapsed 
for miles. 

Ice loading in mountainous parts of this country has been 
known to exceed 3J inch diameter on conductors, causing col¬ 
lapse of power lines: very rarely a gale occurs in such conditions; 
but usually with ice-forming conditions die wind velocity is under 
12 m.pJi. Ice maybe solid (57 lb/ft 3 ) or packed-snow (specific 
gravity about O - 1). In-the U.S.A., ice is prevented by passing 
acurrent of 300 amp or so through lines to keep the temperature 
above freezing-point. 

I am convinced that actual erection tensions used in practice 
allow a very large margin of safety as regards mechanical failure 
of conductors. I would welcome a paper from the authors’ 


wide experience, dealing with the stability of line-supports pole 
foundations, and stays. ’ 

Mr. H. R. S. Preston {communicated): The authors’ proposed 
loadings on conductors are not as consistent as implied, and the 
figure of 75% of the conductor ultimate strength would not I 
am sure, be used for calculating the stresses on angle and terminal 
supports. Conductor tension at normal temperature is one of 
the main factors which decide whether broken wires occur under 
vibration conditions; therefore this tension is of paramount 
importance. Because the tension in the 37/• 11 S.C.A. Grid con¬ 
ductor was reduced at 40° F in still air from a factor of safety of 
5 • 14 to 6 • 9, the authors have based their proposals for conductor 
loadings on this higher factor of safety for all types of conductors 
—composite and homogeneous—which is an unsound and un¬ 
reasonable assumption because the tensile strength of the material 
should be considered. Their proposal does reduce the loadings 
on the smaller conductors, but to such an extent as one could 
definitely assert that vibration troubles would result. 

For h.v. supply, up to 11 kV, single wood-pole lines would con-' 
tinue to be used with span lengths of 240-500 ft. The following 
Table gives the factors of safety of various conductors at 40° F 
in still air, if erected to the authors’ proposals. 



I suggest that supply authorities should be asked to report all 
lines on which broken wires due to vibration trouble have been 
found and to state the span length and bases of sag calculations,, 
etc., so that the minimum permissible factor of safety on the 
ultimate strength at 40° F in still air may be obtained It is to 
be hoped that such a questionnaire would enable a stipulated 
minimum factor of safety to be decided and incorporated in the 
revised Regulations, which would then include the worst con¬ 
ditions of loading and also the minimum factor of safety at 
40° F, and whichever was the worse condition should apply to 
sag calculations. 

As a relaxation for unimportant lines for conductors up to, say, 
O'04 in equivalent copper, the stipulated factor of safety at 
40° F could . be the basis of sag calculations, the ? Maxi¬ 
mum span being limited. These factors of ^safety, I suggest, 
may be: copper conductors, 3J; cadmium conductors, 3j; 
S.G-A-j 7, • 

Mr. G. S. Sloan {communicated): I agree with the authors in 
preferring the use of the parabola to the catenaty as'a basis for 
sag and tension calculations. The slightly greater accuracy of 
the catenary formulae is of no practical importance, compared 
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with the other sources of inaccuracy in the design and erection 
of a transmission line. 

The fcrror introduced by taking the average pin-insulator wood- 
pole line as flexible, arid using the equivalent span method of cal¬ 
culation is quite small. Taking, as an example, a 3-phase line 
with pin insulators, 0*075in 2 copper conductor, wood poles 
29 ft over ground and 8in top diameter, and considering a 
straight run consisting of four 100yd spans and one 200yd span, 
I have calculated that, if the line is sagged on one of the 100yd 
spans at 15° C and the conditions change to — 5° C and' 1 in 
radial ice the actual tension under the new conditions does not 
differ from that calculated by the equivalent span method by 
more than 5|%. In the calculation it is assumed that there is 
no slip in the binding at the insulator and no movement of the 
pole in the ground, only deflection of the pole above ground being 
considered. 

I am glad to see that the authors disagree with the common, 
but rather ineffective practice of pre-stressing conductors during 
erection. A reference to Fig. E of Mi;. Burke’s reply to the 
discussion on his paper shows that, for copper, pre-stressing to any 
load less than the maximum to be expected in service is useless. 
We have found that if a length of stranded copper conductor 
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is loaded up to about three-quarters of its breaking stress, then un¬ 
loaded and allowed to rest for some time, a further non-elastic 
stretch occurs when it is once again stressed to the previous 
load. 

The authors refer to the “normal” value of the modulus of 
elasticity. I should be interested to know what value they accept 
as “normal” for stranded copper. Tests we have carried out 
have all given, even after repeated loading to three-quarters 
breaking stress, a value of the modulus, calculated from the 
straight portion of the stress/strain curve, of less than that 
given in reference books, namely 18 x 10 6 lb/in? The authors 
are not justified in using the normal value of the modulus of 
elasticity for a range of stress up to three-quarters breaking load. 
Our tests on an 80yd length of 0*075in 2 stranded copper gave a 
value for this modulus in the stress range from one-quarter to 
three-quarters breaking load of about 75% of that obtained for 
the range from one-quarter to one-half. 

The authors recommend that their revised regulation should 
be applied to crossings of roads, railways, rivers, canals, etc. 
Would they say what would be the effect on the engine if a train 
ran at high speed over a conductor, copper or steel-cored alu¬ 
minium, lying across the tracks? 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. C. O. Boyse and N. G. Simpson (in reply): Our reply 
to some of the principal points raised by several speakers can be 
conveniently given under the following heads: 

Limiting Conductor Tension .—In suggesting that sag calculations 
should"be based on 75% of a conductor’s ultimate strength, our 
a chief concern was to select the maximum stress up to which the 
conductor could indefinitely resist loading cycles corresponding 
to weather changes. The ratio of this stress to the ultimate will 
vary somewhat with the material of the conductor, and an exact 
definition of limiting stress may be needed. At the same time, 
the “endurancelimit” in the German Regulations VDE/0210/1936 
seems appropriate, and as stated by Mr. Nicholls, this is the 
mayimnm stress that a conductor will withstand for one year. 
Some typical values taken from the VDE Regulations expressed 
as percentages of the tensile strength are: copper, 75%; bronze, 
80-88 • 5%; aluminium, 66 • 7%; steel, 73 • 80%. A reasonable 
average of these figures is obviously 75%. In our opinion, the 
slightly greater accuracy obtained by varying the ratio for 
different conductors is not worth while, in comparison with the 
general simplification obtained by using a constant figure. 

. Wind and IceLoading. —-Gurproposed ice-thickness formula has 
been criticized as revolutionary on the ground that the ice thick¬ 
ness should be the same for all conductors. Yet the present 
Overhead Line Regulations, which in all main principles have 
been in for<3b for nearly twenty years, give a similar result to our 
own formula. Although these Regulations prescribe a constant 
ice thickness on all conductors at half breaking load, it is obvious 
from Fig. 5 that the ice thickness to raise the tension to f of 
breaking varies greatly, not only with span length, but also with 
conductor diameter. This is also borne out by Fig. 6 in which 
the ice thicknesses show a very pronounced increase with con¬ 
ductor dianjeter. < 

W» 4 o riot claim that the expression for ice thickness (1 • 6d 
'*•' 4 - 0*05) in is necessarily a perfect solution to the problem, but 
we do that the theoretical basis from which it is de¬ 

rived is the correct one, and that further study of the subject on 
the lines advocated should be made by a representative com- 
mittee. Various alternative proposals have been made during 
the discussion and these deserve further examination. We are 
not opposed to the use of a fixed ice thickness for all conductors 
at | breaking load, but this might lead to bigger sags on simall 
Vol. 91, Part II. • / • 


conductors and smaller sags on large conductors than under the 
present Regulations. We agree, too, that conductor diameter is 
not a perfect measure of the importance of a line. 

Several speakers have drawn attention to the reason for the 
27ft ma ximu m sag on C.E.B. 132-kV lines. It is true that this 
arose because of vibration trouble rather than on account of 
wind or ice loading, and if vibration should be ignored for 
fixing wind and ice loads the right-hand end of the straight line 
on Fig. 6 could be lowered appreciably. This, however, must be 
considered in conjunction with the next paragraph. 

Everyday Tensions.— The tension in a conductor at an average 
temperature, in still air or a light wind, may be of considerable 
importance from the point of view of vibration trouble, but it 
has no other special significance. Nevertheless, we agree that 
the everyday stress in a conductor should be limited, but we 
think that this can be done by a suitable choice of wind and ice 
loading. The only alternative, indicated by Mr. H. R. S. Preston, 
is to consider the two conditions and to work to the one giving 
the bigger sag. This should, however, be avoided if possible, 
owing to the extra work involved in making sag calculations. 

Pre-stressing. —There are two admissible reasons for pre-stressing 
conductors after erection but before sagging: (1) to eliminate 
inelastic stretch, and (2) to control the distribution of stress in 
composite conductors. At present information on the effect of 
any given pre-stressing on either inelastic stretch or stress distri¬ 
bution is inadequate. The E.R.A. are working on this problem, 
and pending their report we are not in favour of arbitrary pre- 

stressing. ; /:•/-' : 

The determination of the permanent elongation for each type 
of conductor could be undertaken, as suggested by Mr. G. W. 
Preston, and the results would prevent, with greater accuracy 
than at present, the encroachment on ground clearance resulting 
from inelastic stretch. In the meantime, we think it best to 
adopt the approximation recommended in the paper. Mr. J. R. 
Harding’s proposal that inelastic stretch should be expressed as 
a correctionto the erection temperature is excellent. 

Detailed Replies to Various Speakers. 

Mr. Ryle. —We do not recommend neglecting the wind pressure 

oh supports, except with low-voltage line supports not more than 

50 ft high. We therefore agree with Mr. Ryle on this point. 

We had already considered the possibility of specifying con- 
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ductor loads as some function of d, but think it desirable to 
preserve a sense of practical values by retaining ice thickness and 
w i n d. pressure, so that in districts where particularly severe 
conditions may be expected suitable allowances for extra ice or 
wind may more readily be made. Once a mathematical ex¬ 
pression for load has been adopted, a 10 or 20% variation has 
no real meaning in terms of ice thickness and wind pressure. 

Mr. Painton. —Mr. Painton implies that the resultant of wind 
and weight loading, which we propose, is proportional to the 
square of the conductor diameter, whereas it is only the weight 
of ice which varies roughly in this way. The wind component 
is proportional to the first power of the diameter. 

Mr. Painton is not correct in assuming that the factor of safety, 
in the sense in which he uses it, is proportional to the total 
stretch of a conductor at breaking, and in any case the stretch of 
l-5-2%, which he quotes, refers to a lOin length. The 
corresponding figures for a drum length or even a single span 
are much less. Equation (9) for calculating the actual load to 
break a conductor does assume a fixed modulus of elasticity, and 
we realize this leads to a slight inaccuracy. But it is absurd to sug¬ 
gest that the results given by the formula are of the order of one- 
fifth of the correct values. It is only the first term on the 
right-hand side of equation (9) which is inversely proportional to 
the modulus of elasticity, and as the span length increases this 
term becomes rapidly smaller. 

Mr. Grimmitt .—The “sloppiness” on small conductors resulting 
from the application of fin of ice at half breaking load has 
already led to provisional changes in the Regulations, and the 
satisfactory experience gained therefrom is further justification 
for the reduced ice thicknesses which we advocate for small 
conductors. We hope that Mr. Grimmitt’s remarks about low- 
voltage lines will encourage engineers to adopt the erection sags 
given in Fig. 8. 

Mr. J. R. Harding .—We welcome the suggestion that the B.S.I. 
might publish sag. calculations and tables incorporating a model 
form of calculation sheet on the lines we have advocated. 
Possibly a B.S. Code of Practice for this subject could be drawn up 
to include such further recommendations as the method of dealing 
with complete lines and the treating of all lines as freely suspended. 

Mr. Tubb .—A serious disadvantage of Mr. Tubb’s plea for the 
catenary method of calculating sags is that it requires access to 
tables or curves before any results can be ca lcnlawi 
Mr. Nicholls. -We should like overhead-line profile scales to be 
standardized, which, in effect, resolves itself into a choice between 
horizontal scales of 1 in = 200 ft and 25 in = 1 mile. 

Dr. .Taylor .—Our attitude to the whole question of factors 
of safety and maximum permissible stresses is based on the 
fundamental principle that it is necessary to start from the 
amount of superimposed load which will increase the stress in a 
conductor to the extreme limit. This is directly opposed to Dr. 
Taylor s suggestion that a large factor of safety should be pro¬ 
vided under a light load. We do not consider that imbalanced 
tensions at section supports are objectionable. Such supports 
are spaced at large distances andean be designed.to resist what- 
ever loads may be imposed upon them, without appreciably 
affecting the cost of a complete line. ;■ 


Mr. Ridpath .—We agree that the I.E.C. British National Com¬ 
mittee’s Memorandum provides an excellent basis for comparing 
the Regulations of various countries. The adoption *of the 
British formula at the 1935 meeting was? however, provisional 
only, on the understanding that the study of the formula should 
be extended to certain factors not previously considered. We 
do not agree that the loading of supports proposed must result 
in a large increase in cost. This is apparent from Fig. 9. 

Mr. Burke.— Mr. Burke puts forward a plausible case for a con¬ 
stant thiclmess of ice for all conductors, but admits that the 
selected thickness would be appropriate to the smallest conductor 
only. This procedure would largely destroy the practical value 
of any Regulations by giving too much licence to the ill-informed 
designer, and it is doubtful whether it would meet with the 
approval of the Electricity Commission. 

Mr. Fielding .—We did not suggest the construction of a series 
of sag templates to cover all cases, as Mr. Fielding appears to 
infer, although this is an excellent idea. The procedure wc 
visualized was to make templates for all jobs, as required, until 
so many had accumulated that an existing template could dually 
be foimd suitable for a new job. On the use of sag templates 
for sloping spans, we think it follows that, if the maximum per¬ 
missible error is governed by a level span where the curvature is 
a maximum, the errors on sloping spans where the curvature is 
less will also be less. 


Mr. J. P. Harding. —Mr. Harding describes a method of ap¬ 
proach to sag calculations which is of some academic interest, 
and which taken step by step gives the same results as our 
equation (3) provides in one operation. His definition of T 0 is 
misleading, as a suspended weightless conductor must be' under 
zero tension. It is only with catenary wires for the suspension * 
of heavy cables that T 0 represents a reasonable approximation 
of the stringing tension. 


Mr. Moue .—we ao not agree that the stability of angle and 
terminal supports is the limiting factor in the determination of 
conductor sags, except in the case of low-voltage lines, or 
on lines containing such a large proportion of angle supports 
that they have an important influence on the cost. All 
our calculations of ice deposits are based on ice weighing 


Mr. H. R. S. Preston.—We do not understand Mr. Preston’s 
suggestion that angle and terminal supports would not be de¬ 
signed to resist f of the breaking strength of the conductors. We 
have proposed multiplying f of the breaking strength of the con-, 
ductor by a “loading factor” of f giving an ultimate tension of 
imity applied to ihe supports. This compares favourably with 
f P J esent P rac ^ c f of multiplying J breaking load by U factor 
of safety of 2\, which gives an ultimate tension on the supports 
of 1-25. 


'' Mr. Sloan.—Ut. Sloan and Mr. J. R. Harding'are both in 
favour of treating pin insulator lines as freely suspended, and in 
the absence of any arguments to the contrary we think the pase for 
this procedure has been made. All our calculations for copper 
conductors are based on a modulus of elasticity of 18 x 10 6 lb/in 2 . 
We have had no experience of railway engines running over 
conductors. 
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ELECTROMAGNETIC AND MECHANICAL EFFECTS IN SOLID IRON DUE TO AN 
ALTERNATING OR ROTATING MAGNETIC FIELD 

By ROBERT POHL, D.Eng., D.Sc., Member.* 

(The paper was first received 24th June, and in revised form 21th October, 1943.) 

INTRODUCTION AND SUMMARY R 

A problem still awaiting solution is the complete predetermination 
of the ph*nnmena connected with the penetration of alternating flux 
into solid iron. It arises in the design of such increasingly important 
' machines as electromagnetic clutches and eddy-current brakes, sohd- 
rotor induction motors and self-starting synchronous motors, and also , 

in recently perfected industrial applications such as surface hardening. 

The classical expressions*> 2 for the flux and current distributions and 
the iron loss due to an alternating m.m.f. rest on the assumption of 
constant permeability and therefore apply only to values of induction 
far below those now employed. Moreover, they ignore hysteresis, 
which will be shown to affect both the loss and the power factor to such 
an extent as to invalidate these expressions for practical purposes. A 
further difficulty arises in machine design, in that the m.m.f. acting upon 
the iron surface forms an unknown component of a known primary 
m.m.f.: a second component is absorbed in flux paths outside the iron 
and depends on the magnitude of the total flux. 

The object of the paper is to present this subject to the designers of 
electrical machines in a manner with which they are familiar and to 
advaifce it, in addition to discussing the connection between the pri- r § ‘ 

mary ampere-turns and their surface component, by showing and in- the circle, and if AT m becomes negligibly small C moves to A, 
eluding in simple expressions the effects of hysteresis, and by extending ^ an d <h become tangential, and AT D and AT S become equal 
the theoretical and experimental investigation to ^values ofRuction ^ magnitude and opposite in sense. 

beyond the knee of the “jfTha ¥iff’<fiSnd it will The very small depth of penetration into the solid iron makes 

the dmmifere.hal part of the hux path of chief interest It is 

of the iron is possible by means of a ^aphical method. . therefore preferable to operate 

Section 2, “Practical Applications,” deals with the utilizable mecham- ampereconductors and the tangential flux = Q? p f2. we may 
cal effects in various types of machines and indicates means for im- refer the former to the length of circumference they occupy by 
proving their performance. It may be read without special reference dealing with ampereconductors per centimetre or, briefly, 
to Section 1. amp/cm. These we express by the symbol N. Fig. 1 may thus 

be drawn with N pi 2Vj, N m instead of AT p9 AT S , AT m , and with 
<D instead of O p . . , 

To find N s for a given N p we must know N m and ip, which 
involves knowing O and the reluctance which N m has to overcome. 
We shall consider first the reluctance for N m and the phenomena 
in the iron, and we shall show later how to obtain ® and i/t. Let 
all lines of £>, Fig. 2, be linked with all primary conductors. The 
solid secondary part of the “current transformer” has an infi¬ 
nitely large number of circuits in the different layers. IU Fig. 2 



(1) THEORY. ELECTROMAGNETIC EFFECTS 

(1.1) The Vector Diagram. The Interrelation of Currents and 
Induction in the Iron 

The primary ampere-turns per pole (AT p ) are assumed to be 
a sinusoidal function of time. They will generally be stator 
’ ampere-turns, the stator being separated from the surface of the 
solid rotor by an air-gap of known length. We may, in the usual 
way, treat%47^ as forming a radially directed m.m.f. The in¬ 
duction of a flux and of currents in the solid iron is a transformer 
effect. The resultant of all such secondary currents, the 
secondary ampere-turns per pole AT si must be determined before 
the penetration phenomena can be approached. AT S may be 
obtained by a vector diagram, Fig. 1, which is similar to that of 
a current transformer having a considerable magnetizing current. 
The vector AT p = AB has not only to balance the vector 
AT s j= CB*but also to supply the magnetizing ampere-turns per 
pole = AC. The point C lies on the arc of a circle such 
that AT P subtends the peripheral angle 90° + ifs, where ifs is the 
angle betweenvlli and the e.m.f. E, which lags 90° behind the 
flux # On stud. AT m . The angle if/ depends on the properties of the 
secondary circuit which are so far unknown. For given values 
of AT P and i/t the diameter of the circle remains the same for all 
values of A change of this vector causes G to ffibye along; 

'•* Electrical Engineering Department, Birmingham University. 
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only two such circuits, Sj and S 2 , are indicated as conductors in 
a laminated core. The first represents the surface layer. Its 
current 1^ is induced by the total flux O, which divides itself into 
Ot through core 1, and 0 2 through core 2. The second circuit S 2 , 

; which is at a greater depth, is influenced only by ® 2 , i.e. by all 
r lines below S 2 . 'Since S x and S 2 have different inductances, I Sl 
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and I Sz , and ® 2 are not in phase with each other. As long as 
core 1 remains unsaturated and the magnetic potential difference 
across its ends is very small, only a small flux <t > 2 can exist * n 
core 2 with a correspondingly small current Is 2 in S 2 , since any 
such current I$ 2 is a counter-current tending to oppose <D 2 and 
to force the lines through core 1 . <E > 2 and 4 S will make their 
appearance in proportion to the rise of a magnetic p.d. across 
core 1 , the latter always balancing the m.m.f. of I$ 2 - 

Applied to a solid secondary we can say: the induction B x at 
any depth * within solid iron is due to a m.m.f. equal in magnitude 
and opposite in direction to that of all currents at a greater depth. 
The resulting m.m.f. of all secondary currents thus balances the 
magnetic p.d. along the surface. It follows that our magnetizing 
component N m has only to be large enough to drive the flux 
through its path outside the induced iron, i.e. through primary 
iron paths and the air-gaps to the surface on either side of 
core 1 in Fig. 2. The magnetic reluctance of the “secondary” 
iron does not affect N m as long as an inner core in the iron re¬ 
mains unsaturated. It is clearly far easier to determine <5, and 
thence N m and N p , from a known or assumed value of N s , 
than to begin with N p . We shall therefore first assume values of 
N S9 and find and plot <D and N p as functions of N s , and from 
the curves derive the desired effects for any given value of N p . 

In this sense, we now assume N s amp/cm acting along the iron 
surface; to be known. Dropping the subscript s for the further 
freatment we shall call its amplitude ft, its r.m.s. value N, and its 
instantaneous value n(= ft cos cot). For the magnetic quantities 
no r.m.s. values are needed: the symbols O and B denote ampli¬ 
tudes. At the depth * below the surface the active amp/cm are 
n x ~ X x cos (oat — ifr x ). The assumption that the induced cur¬ 
rents resulting from a sinusoidal primary source are also sinu¬ 
soidal ceases to be correct when the knee of the magnetization 
curve is reached. A rigid analytical solution can be given only 
on the assumption of constant permeability, i.e. by taking the 
part below the knee as a straight line. For the higher part we 
shall have to be content with a graphical approach. 

(1.2) Flux and Current Distribution. Eddy-Current Loss, Total 
Flux and Power Factor. The Influence of Hysteresis 

(L2.1) B Below the Knee of the Magnetization Curve. Analytical 
Solution with and without Hysteresis. 

Section 5.1 gives an easy derivation of Thomson’s fundamental 
equation applied to solid iron, and Section 5.2, a close parallel to 
it, the modifying effect of hysteresis, both for the simple case of 
constant permeability. The effects at the depth * produced by 
a surface m.m.f. in amp/cm n = ft cos cat, without regard to 
hysteresis, may be expressed by 


Equation (1) leads at once to the current densities in the iron 
Sx = —^ to the eddy-current loss, and also to the flux. 

V x p. 

Writing g x = fte mx m[sin (cat — mx) — cos (cat — mx)], 

g x = — a/ 2 mfte~ mx cos (cat — mx + 77 / 4 ) . . ( 5 ) 

and the surface value 

g = —V 2m ft cos (cat,-}- tt/4) .... (6) 

Therefore G = ~ VlmN 


iff = ■ 77/4 cos iff = 0*707 


(7) 


In Fig. 1, the angle iff, whatever the values of f c and p, is 
now seen to be 45° because G, in phase with E, is tt/4 ahead 
of — N, the resultant of all secondary currents corresponding 
to AT S . G and E are in phase because we found E from the* 
sum of all the lines linked with the surface, so that E = pG. 
In practice, as shown below, the angle iff is much smaller than 
45°, owing to hysteresis. 

The eddy-current loss per square centimetre of iron surface, 
which will be designated 4 , is found by taking the r.m.s. value 


4 =« pmN 2 


of g„ i.e. G x = -V2mNe~ mx , and calculating p \Gldx, which 

_Jo 

gives 


( 8 ) 


The resultant flux $ is found from the surface e.m.f. 
e — pSa = — (d<j>/dt) 10 -8 which it produces. We have by 

integration <f> = pVl-ftsin (at + w/ 4 ) 10 8 whence 

ca •> 


4> = j-N sin (at + tt/4) . . . . ( 9 ) 


with the amplitude 


O == (dm)N 


( 10 ) 


As a check on ( 8 ), it may be noted that the loss pmN 2 is equal 
to the induced power El cos iff since 

E = pG = —pVlmN, I « — N, cos ip = l/Vl 

Where the lines of force leave the “secondary” iron for the 
primary” part, as shown in Fig. 2, two such amounts of flux 
join together to form the flux of a pole. We may therefore 
write 

®poie = 20/ = (2c/m)M . . . ? (11) 


n x = fte~ mx cos (cat — mx) ..... . . . ( 1 ) 

whence also b x = Bs"™ cos (cat - mx) . . . ... ( 2 ) 

where w = V(^/c/p) 10~ 8 . .... ( 3 ) 

c = B/ft ( 4 ) 

and p = resistivity in ohms per cm cube. 

Equation ( 1 ) shows the exponential decrease, of ft x = fte-™ 
which, reversed, is the vector sum l x of all induced currents in 
depths 'greater than *. It also shows the “spiralling” due to 
ffteir phase angle, growing with mx. The induction b x = cn x 
follows the same law. Its surface value is not affected by induced 
currents. 

:: We shall now derive the chief quantities needed in designing 
and contrast them with the form they assume when hysteresis is 
taken into account. 


where / is the axial length in cm. 

The effect of the hysteresis on the loss in sheet iron at radio 
frequencies has been discussed by Bethenod , 5 La tour , 6 and 
Dannatt . 7 The analysis for solid iron at constant permeability 
reveals very simple laws and is the more needed since the*effect 
of hysteresis proves to be so pronounced as to invalidate the 
classical expressions for all practical purposes. 

To generalize the foregoing equations, we express the hysteresis, 
loss in watts per cm cube of iron at the highest induction B and 
frequency y'by r* 

L h = t]fB 2 . . . . .^( 12 > 

The quadratic relationship is a sufficiently close approximation 
for our case if rj is chosen correctly for a value of jS’^'equal to 
about | of the surface induction B. For a constant c = J/# 
this implies a constant “hysteresis angle” <s, since we can also- 
write 

X A = JSjycos (90° - a) = 4 : 445/10-*(i^c\/5 sin a 
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whence sin cr = (7]c/7r)10 8 . . . . .* (13) 

The filing of a value for rj thus implies a corresponding choice 
of a as a constant for the straight part of the magnetization 
curve. As shown in Section 5.2, the fundamental equations may 
be easily modified on this basis to include hysteresis. They 
assume the forms (la), (2a) and (5a), whence by the same pro¬ 
cedure as before (6a) to (11 a) are found; these should be com¬ 
pared with the respective equations (1) to (11). 

The hysteresis constant is defined by the term 

h = 'v/ (1 + sincr) = V[1 + 07 c/7t)1O 8 ] . • (14) 

(la) n x = Ne~ hmx cos | [cot — mxV (1 — sin cr)] 

(la) b x — Be~ hmx cos [cot — mxV (1 — sin cr) — cr] 

(5a) = —V2mNe~ hmx cos [co/—(1—sin o)+7r/4—a/2] 

{6a) g = —V ImNcos (cot + tt [4 — a/2) 

(la) 

(8a) 4 = pmN 2 /h 

(9a) cf> = (c/m)N sin (a>/ + 7t/4 — cr/2) 
whence as before 

(10a) O = (c/m)N 
(lla) <!> poIe = (2c/m)Nl 

The tptal loss is obtained by calculating — EN cos ifs which with 
cos ?/r = h/V 2 leads to 



Therefore (l e + h )/l e = h 2 = 1 + sin a 

The following are the main conclusions as to the effects of 
hysteresis: The ‘‘spiralling’’ of the induced currents, i.e. their in¬ 
creasing lag, becomes less pronounced as expressed by the factor 
V(1 — sin a) in equation (la). As a result, since the total in¬ 
duced current I must remain equal and opposite to the im¬ 
pressed N, the eddy-current loss—equation (8a )—decreases in 
the ratio 1/h. The total loss, however, rises by the factor h and 
thus becomes 1 + sin a times the eddy-current loss, as was to 
be foreseen. It should be noted that these relationships under 
tib.e stated assumption remain the same whatever the frequency. 
The widely held opinion as to the negligible importance of 
.hysteresis at high frequency is seen to be unfounded. The 
reason is that the hysteresis loss for a given volume of iron and 
a given induction proportional to f, is as a whole, like the eddy- 
current losS, proportional to Vf, since the depth of iron between 
the surface and the level at which a given induction is reached 
decreases with 1/V7, as proved by equation (2a). 

The effect of hysteresis on the resulting power factor is very 
pronounced. As the phase angle falls from 45° to 45°— a/2, and 
as a is, even for unsaturated mild steel, of the order 30°, the 
power factor rises from 0-707 to about 0*87, and no doubt even 
higher for «ast iron and other materials with broad hysteresis 
loopS.# The increase of the total loss for o = 30° is given by the 
hysteresis constant h = Vl *5 = 1*22. As the total flux and 
therefore the induced voltage, apart from distortion effects, are 
not influenced by hysteresis [see equations (10) and (10a)] both 
the Toss and the power factor for a given N increase to the same 
extent: In indiTctor-type machines and other applications where 
,an alternating flux is superimposed on a constant flux, the 
hysteresis loss may be much increased relative to the eddy- 



current, as shown by Rosenbaum. 8 This effect would be repre¬ 
sented in the present analysis as a larger hysteresis angle. 

(1.2.2) B passes the Knee of the Magnetization Curve. Graphical 
Determination.? 

A graphical method of determining the phenomena in the iron 
should be based upon the BjSf curve as used in design offices, 
i.e. the locus for the apex of the hysteresis loops. First, the 
fundamental difficulty already referred to, namely the appearance 
of higher harmonics, must be considered. A sinusoidal n x wave 
of amplitude N x beyond the knee creates a flatter-than-sinusoidal 
wave of induction b x . Its highest value is the B x corresponding 
to N x on the BIN curve. Its fundamental curve (b lx ) has a higher 
amplitude B lx . If the iron has a perfectly horizontal B/ft curve, 
we shall get a rectangular b x curve of height B for which the 
ratio BJB is 4 /tt. The higher the saturation employed in 
practice the nearer B lx /B x will approach this ratio. For any 
given shape of the B/ft curve and any value of B x , B ix may 
easily be obtained by Fourier analysis, together with B 3x , etc. 
For a given quality of iron, we may once and for all plot B, B t 
and, if needed, B 3 and other harmonics as functions of #. 
Fig. 7 shows B and B x curves for mild steel. It may be investi¬ 
gated whether, by using the values of B { instead of B for graphical 
construction, we can eliminate the chief difficulty resulting from 
the curvature of the characteristic. The values of B t permit 
the fundamental values of B x and G x on passing beyond the knee 
to be deduced. Alternatively, the Bjff curve can be used 
throughout, ignoring wave distortion. The results of either 
method can then be compared with those obtained by tests. 
The problem of harmonics as the sources of loss will be 
considered later. 

The construction of a step-by-step diagram of the flux and 
current distribution for a given BjN or B/N curve is based on 
the fact that for any value of x, B x is due to a m.m.f. equal and 
opposite to the vector sum I x of all currents in greater depths, 
while the current density G x = EJp follows for a given value of 
p from an induced e.m.f. E x and thus from the vector sum of all 
fluxes at greater depths. Again, hysteresis is at first ignored. 

(1.2.2.1) The Spiral Diagram without Hysteresis . 

Divide the B t lft curve (Fig. 3) into the straight part up to 



Fig. 3 


point a for which c = Bjfta ^ B t J$f a "■? constant and the 
curved part with decreasing c. For a primary $ greater than 
Sf a there exists a depth x = a where B x = B a , so that is the 
effective m.m.f. For this level the values of <E> a and l ea are 
obtained by equations (8) and (10). We also know ^ to be 45°. 
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Fig. 4 

We can thus commence with vectors <J> a and l a of Fig. 4 with a 
phase difference of 90° + 45°. 

Now consider the level “a” as the centre line for the lowest of 
a number of* layers AB, BC, CD, DE (Fig. 4a), with a suitable 


A ---v 

Fig. 4 a 

thickness of S. This need not necessarily be the same for all 
layers. The axes of these layers are a, b, c, d, e. 

Now the current density G B at level B is produced by a total 
flux Ob resulting from the known <D a and a flux O aB between the 
levels given by the subscripts. The latter flux, however, is 
IBJ2, if we take B a as the induction for the layer AB. This 
' flux must be in the same direction as, but of opposite sense to, l a , 
as it is produced by a component $,of the primary ampere-tums 
which holds l a in balance. Thus in Fig. 4, we may combine 
O^ with 4> a to Ob, noting the changed angle, and find 
&b = (4-44/Ob/p) 10 -8 , and t ab — \ / 2G£b lagging 90° behind 
Ob- This combined with l a leads to l b , constituting the effective 
m.m.f. at the level “b.” Thus, from the magnetization curve, we 
have found the mean.induction B b for the layer BC, which gives 
®bc ~ 2>B b in opposition to l b . This combined with O s gives 
Op and thence G c , l bc and t c . Proceeding as before, we get, step 
by step, the induction values B c , B d , B e for the respective levels, 
and the corresponding values of N, O, G and ij>, and also of 
4- The latter is easily found by the expression £7 cos The 
last layer of currents, nearest the surface, is only 2/2 thick. 

Any level arrived at in constructing this diagram gives a 
picture, with an accuracy depending on the 2 chosen, of the 
magnetization of the iron in question with a surface m mf 
y corresponding to the value ft x for that level. From a single 
spiral diagram, any desired number of points may therefore be 
obtained for all die quantities in which we are interested. 

( 1 . 2 . 2 . 2 ) The Spiral Diagram Including.Hysteresis. 

To obtain trustworthy results for practical use; modifications 
to include the hysteresis effects have to be made. First we require 
to know the hysteresis angle as a function of the highest induction 


in a cycle of magnetization. This is the angle by which the flux 
may be considered to lag behind its m.m.f. A hysteresis loop 
for B (gauss) obtained experimentally, and the corresponding 
N = iT/cm, supplies through its area in line-ampere-tums per 
cm x 10“ 8 the watts per cycle for a cm cube of the iron. Their 
ratio to 4 • 44B l lT\0~ 8 / V2 is cos (90°-o-j), whence or j is found. 
By taking several hysteresis loops for different values of B, o t 
may be found and plotted over the whole course of the BJN 
curve as a function of B { . Fig. 8 shows such a curve for mild 
steel, where a t is seen to fall rapidly beyond the knee. Similarly, 
a a/B curve may be obtained from the BIST curve, ignoring wave 
distortion. 

These a curves now enable us to introduce into the spiral 
diagram the hysteresis as affecting both the loss and the phase 
angles (Fig. 5). Again, use the diagram of layers in Fig. 4 a; 

^& 


'AY 



the initial vectors <l> a and t a now have a smaller phase difference 
90 + 45 — a Jl, such that El cos ifi a is the sum of eddy-current 
and hysteresis losses, namely pmN 2 a h. * ‘ 

The total flux <J>b below the level B is the resultant of O a and' 
the flux ® oB between the levels a and B, namely IBJ2. This flux, 
however, is no longer exactly in Opposition to l a , buHags by the 
hysteresis angle o a corresponding to the B a to be taken from 
the cr curves just discussed. The <b B thus obtained supplies the 
current density G B and which lag 90° behind <& B . /^ com¬ 
bined with l a gives l b , the effective amperes per cm at level “b,” 
and thence B b , the mean induction for layer BC. The corre¬ 
sponding <E>bc = 7>B b is again not exactly in opposition to l b , 
but lagging by the angle c r ib , or a b . Proceeding as before, and 
introducing at every level the respective hysteresis angle, ja/1 the 
values required can be constructed for successive levels”! The 
results obtained, particularly 4 +a, €> and cos iff, may then be 
plotted as functions of the surface ampere-tums, as shown in 
Figs. 9, 10 and 11. 

( 1 * 2 . 2 -4):.ij^;ffqrrnonic Currents as Sources ofl&ss. * 

^ A sinusoidal primary current when the knee of the 2?/# curve 
is passed implies a non-sinusoidal primary voltage, and vice versa. 
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The present investigation is based on the former assumption, 
chiefly for application to star-connected three-phase windings 
from «which triple harmonic currents are excluded. In other 
applications, howeve*, the assumption of a sinusoidal primary 
voltage may be preferable to meet practical conditions. 

As to the origin of the harmonic loss: primary e.m.f. compo- 
ments of non-fundamental frequency, which we have just recog¬ 
nized as necessarily connected with induced harmonic currents 
in the iron, cannot transmit power with the sinusoidal primary 
current. The I 2 R loss of such currents can be supplied only 
from the primary side as the product of the primary sinusoidal 
current and an e.m.f. component of fundamental frequency. 
Fig. 6 suggests how the superposition, for example, of a triple¬ 



frequency m.m.f. on a fundamental flux can, owing to saturation 
effects, create an additional fundamental flux component, which 
is shown dotted. This phenomenpn is similar to that used in 
frequency-tripling transformers, but reversed. 

It must be noted, however, that any fundamental flux com¬ 
ponent thus indirectly produced will, through the fundamental 
currents it creates, balance a corresponding primary-current com¬ 
ponent and thus reduce the amount of directly induced funda¬ 
mental currents. For practical purposes consideration will 
therefore be confined to the directly induced fundamental 
effects, with the proviso that the conclusions thus arrived at re¬ 
quire empirical adjustment. A fuller theoretical and experi¬ 
mental study of the complicated interactions between harmonic 
and fundamental phenomena has not been attempted. 

(1.3) Test Results 

• A mild steel ring of 34-3 cm external and 30*5 cm internal 
diameter, 1 * 9 cm thick, with comers rounded to 0 *32 cm radius, 
was fitted^vith a magnetizing winding of 1 000 turns and, beneath 
it on the iron, with a shallow winding of 500 turns for measuring 
the flux and also a thermocouple for recording the surface tem¬ 
perature. The cross-sectional area of the iron was 3 • 54 cm 2 , its 
surface area 720*3 cm 2 and its mean circumference 101*8 cm. 
The following tests were taken:— 

(1) The specific resistance of the iron at 20° C: p = 0*163 
x 10~ 4 ohm per cm cube. 

(2) The* d.c. magnetization curve* i.e, the inductito 
as a* function of the ampere-conductors per cm (Fig. 7), 
The correspondinig BJft curve for sinusoidal magnetization, 
obtained by Fourier analysis from the BjSf curve, is also given. 

(3) K number of hysteresis loops, from which the hysteresis 

angle a as a function of R, as a function of B x> are calcu-* 

latedr (Fig. 8)*- . \V- - v--f 

(4) Power-factor, flux and loss curves under sinusoidal magneti¬ 
zation up to veiy high values of i^ tFigs. 9, lO, ahd il ).■■■'To 


JSSrB, 



Fig. 9 ^ 


avoid an appreciable departure from the desired sinusoidal 
current wave form, the exciting coil was energized from the 
400-volt 50-c/s mains through a large non-inductive. resistor 
which absorbed by far the greater part of the voltage. A 
cathode-ray oscillogram showed no recognizable harmonic, even 
at the highest excitation. To maintain the specific resistance 
practically constant, readings were taken quickly and the tem¬ 
perature of the surface was recorded. After every reading the 
temperature was allowed to fall to room temperature. A mean¬ 
reading voltmeter connected across the 500-tum coil was used for 
measuring the flux. This coil was also connected to the volt coil 
of the wattmeter. 

(5) Oscillograms of the induced voltage, of which^Pig. 12 is pi 
Avampl^ showing the distortion due to saturation ana hysteresis. 
Fig.' 12 applies to JV = 34-3 ampere-conductors per cm. Its 
shape approaches the theoretical curve given by Haberiand 4 for 
ideal saturation. 
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(1.4) Conclusions 
(1.4.1) 5 remains Belov the Knee of the Magnetization Curve. 

The general formulae for the power factor, the flux and the 
total loss, e.g. equations (7a), (10a) and (15) are confirmed. 


Taking B = 9 450 as the highest induction for which c could be 
regarded as practically constant, and using o- = 26° corresponding 
to B = 7 000 as the appropriate hysteresis angle up to thatwalue 
cos tp = cos (45 — 13)° is found to be 0-85, compared with a 
measured value of 0 • 86. The flux and the loss also agree wi thin 
the limits of accuracy of the measurements. 

(1.4.2) B passes the Knee of the Magnetization Curve. 

The flux values obtained from a spiral diagram based on the 
BJN and a,/^ curves show a marked divergence from the test 
results, as is shown in Fig. 10. The departure of the form factor 
of the e.m.f. wave from 1 • 11 is far too small to account for this 
result. It appears that the replacement of the .fi/jV by the B./N 
curve overstates the influence of the harmonics. The spiral 
diagram was therefore redrawn on the basis of the B/N and o/fi 
curves. The values of flux, power factor and loss now obtained 
agreed satisfactorily with the tests, as shown by the curves in 
Figs. 9, 10, and 11. Further theoretical and experimental re¬ 
search into the effects of wave-form distortion due to saturation' 
and hysteresis is needed. In the meantime, it appears that 
where the straight part of the characteristic is passed practical 
requirements may be satisfied by a spiral diagram based on the 
B/N and o/B curves. Its use, though at first rather tedious, 
enables one to prepare for office use a set of curves for any given 
material, giving the required quantities as functions of N for the 
desired range of frequencies. 

(2) PRACTICAL APPLICATIONS. MECHANICAL EFFECTS 
The reaction between the induced currents and the magnetic 
fields in the solid iron sets up mechanical forces with radial and 
circumferential components; only the latter of these are of prac¬ 
tical importance. They create the torque in machines employing < 
rotating fields, whether rotation be brought about mechani¬ 
cally as in eddy-current brakes and induction clutches, or by 
primary windings as in polyphase motors. The flux and current 
distribution were given by our preceding investigation, and this 
permits a calculation of the tangential forces by finding the pro¬ 
duct of the radial component of induction and the current 
density, and integrating it both peripherally over a pole-pitch 
and radially over the depth of induction from the surface to in¬ 
finity. For a sinusoidal distribution of the surface m.m.f. over 
the pole arc, this procedure presents no difficulties. The result, 
however, is obtained more quickly and in a more general form 
by using the previous expressions for the total loss in the iron. 
The tangential forces of a rotor moving relative to the field with 
slip velocity must represent a power equal to that loss. Thus a 
known loss and slip will immediately lead to the tangential force 
and the torque. ' 

(2.1) The Torque of Induction Motors with Solid Rotors, 
Induction Clutches and Eddy-Current Brakes 
Let a magnetic field rotate relative to a solid rotor of diameter 
d and length / in cm, with a slip frequency f s = sf, where s is the 
fractional slip, another frequency f = np, p being the number of 
pairs of poles and n the speed in revolutions per second. The 
field intensity may be derived from the highest local value, 
d-Tpoie pi the radially-directed ampere-turn wave assumed to be 
sinusoidally distributed over the pole pitch r = dv/lp. For the 
usual case of a 3-phase winding, wehave the well-knownCxpres^ion 

AT pok = (l + 2 x icos 60°)^V2 irf„ = 2-7 JTf w ') 

where /is ther.m.s. value of the phase current, Tthe numter of turns 
per pole per phase, and f w the winding factor^ i.e. the product of 
spread factor and pitch factor (jf w ^ 1). The pcknary ampere- 
-tums are generally situated in the stator, or outer member, and 
fulfil two functions: to provide the magnetizing ampere-turns for 
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the path outside the solid iron and to balance the secondary 
ampere-turns represented by the resultant of all induced currents. 
Call tho amplitude of the latter component AT pote sec , and let us 
establish the connection between these radially magnetizing m AT 
and the tangentially magnetizing ft in amp/cm of the preceding 



equations. Fig. 13 shows that AT polesec is the integral of the 
amp/cm over half a pole arc, i.e. AT polesec — #(2/7r)(T/2) 

whence N= .... . (16) 

T 

N must also be simply related to the familiar A s , the “specific 
electric loading,” “specific amps” or ampere-conductors per cm. 
For a 3-phase stator winding, A s = 6IT/r which may be written 
1-11 x 2AT pole lf w r. We can therefore transform equation (16) 
to 

<• N = A s f w AT po i ese JAT po i e . . . . (17) 


(2.1.1) B remains Below the Knee of the Magnetization Curve. 

If the synchronous speed and the running speed in revolutions 

/ / 

per sec are n syn =-and n = -(\— s) respectively, and l e + h is taken 

from equation (15) and m s = Jjfe io~ 8 , equation (18) will 

P 

give the following expressions in M.K.S. units: 


Torque = 5-1 pm ft h Ipd 10~ 2 kg = 10~ 6 kg 

Js fs . . (19) 

Power = Torque x 2n— -— 

P 1 - v 

= 3 • uVmtfJdN 2 h— j-10~ 7 kW . (20) 


This power equation may be checked against the general 
formula for the induced power P f of electrical machines based 
on their dimensions, the mean magnetic loading B m and the 
electric loading A s of the rotor. This formula is 

for d.c. machines: P t — 'rr 2 A s B m d 2 lnlO~ 11 kW, 
and for a.c. machines: P t = 1-11 f w 7T 2 A s B m d 2 ln\0~ n kVA 


B m may be replaced by 

$}pole 

drrl 
~2p 

and using equation (17) we get 


and since = — Nl, B m = — ^ — N, 

poie m n d m v 


Pi = 4-44'\4^WiV 2 ^ 1 -y^)l0- 7 kVA 


m This shows ft, except for the winding factor, to be identical 
with the specific electric loading referred to the rotor. 

If an m.m.f. characterized by Fig. 13 revolves with constant 
amplitude and speed round the rotor, every square centimetre of 
the surface experiences the loss l e+h which is ascertainable as 
shown. The power exerted by the surface forces moving with 
slip speed dirfjp relative to the rotor equals this loss. Therefore, 
expressing the force F po i e acting on one pole in dynes, we obtain in 

watts 2pF po i e —\0- 7 = 4+ h d7rl 
P 

Whence F pole = %^/10 7 dynes = 5-fevkg . . (18) 

This, at first sight, seems a startling result, because it indicates 
that the force per pole is independent of the pole arc. The ex¬ 
planation is simple: for a given Athe tangential flux, <5 per cm 
axial length [equation (10a)], is independent of t, therefore also 
the radial flux per pole & po i e > which is 20/. The radial induction 
whose reaction on the induced current created the tangential 
force F po i e is thus inversely proportional to r, so that this term 
' drops out of the integral of current into induction over t. From 
this the torque produced by a rotor of given dimensions is ob¬ 
tained, and its power at a given speed is found to be proportional 
to the number of poles, always assuming that the electric load is 
maintained. Another conclusion is that for solid-rotor in¬ 
duction motors with given p and / and a limited N, it pays to 
design Hko machine with the smallest possible diameter, since the 
tangential force per cm axial length is independent of the diameter 
and the torque is therefore not proportional to d 1 , as in all other 
types of machines, but only to d. Again, in applications such 
as induction clutches, where p maybe chosen freely, it is advanta¬ 
geous ta operate with the highest number of poles which heating 
considerations and the maintenance of a suitable ratio of jgap to 
pole arc will permit. 


which agrees with equation (20), since 

kW/kVA = 0-707A = 3* 14///4 44 

Equation (20) confirms that for fixed values of N, n, p and s, and 
therefore f s = nps, the power is proportional to d, not d 2 . For 
given dimensions of d and / of the rotor and of N, n, and s, since 
the frequency and thus p can be freely chosen, the power is 
proportional to Vf s and therefore to Vp. In practice, however, 
it is generally not the induced N in the secondary part, but the ^ 
primary electric loading, which is the limiting factor in the design. “ 
These practical considerations, especially the conditions resulting 
from a limited primary m.m.f., will be referred to again later. 

(2.1.2) B passes the Knee of the Magnetization Curve. 

For the solid iron and the slip frequency in question the spiral 
diagram has given the curves of <E>, 4 + h an( * cos tfs as functions 
of ft. We have now only to use equation (18) to determine the 
torque and the power for any value of N. For any 0, the AT m 
to cover the reluctance exterior to the solid iron may then be 
calculated; from this the primary current and its phase angle 
can be obtained using the vector diagram Fig. 1. 

(2.1.3) Real and Apparent Resistivity. Means of Raising the Latter. 

The value of p to be used in the above equations and, in 

principle, for the spiral diagram, should cover not only the re¬ 
sistance to the currents along their axial paths of length /, the 
seat of their e.m.f., but also that of the circumferential paths at 
the ends, which close the electric circuits and could not be intro¬ 
duced into the fundamental equations. An apparent resistivity 
^ instead of the true one p, must therefore be introduced. The 
ratio Palp is a function of //tv It is not difficult to find this ratio 
with sufficient accuracy. In most cases Ijr is large enough to 
make the ratio pjp = mean total length of current path/axial 
length of current path sufficiently accurate for practical purposes. 
The current paths at the ends of the rotor can be estimated more , 
accuratdy from the streamline principle of least resistance. ' 
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We found that, for certain applications, a quality of iron 
possessing a high value of pc is desirable. Such alloys are 
difficult to procure, however, and not easy to machine. It is 
cheaper and gives more flexibility to use ordinary mild steel with 
high c, and low p, and introduce devices to obtain a higher ratio 
of pjp. This may be done by making shallow grooves in the 
active iron at right angles to the direction of the currents, i.e. 
peripherally in the case of cylindrical surfaces, so as to lengthen 
the current path. The number and shape of the grooves allows 
p a to be adjusted to almost any desired value; the effect can be 
calculated since the depth of penetration into the iron is the 
same for the current paths round the grooves and along the 
cylindrical surface. 

Grooves are suggested to increase the loss and the torque, and 
it may be objected that they are also used for just the opposite 
purpose of reducing eddy-current losses, as in the solid rotors of 
turbo-alternators. This apparent contradiction is removed if the 
effect of an increased apparent resistivity on the flux, and hence 
on the magnetizing component AT m of the primary current, is 
considered. If this component is large in proportion to the air- 
gap between stator and rotor, these grooves might well reduce the 
loss caused by the secondary current falling very appreciably. 
For the applications considered here, it is assumed that the air- 
gap, and therefore the magnetizing component, AT m , is small. 
Under these conditions, grooving will have the desired effect of 
increasing the loss. 5 

(2.2) The Torque of Self-Starting Synchronous Motors with 
Solid Salient Poles. Means of Improvement 

With salient poles in place of a continuous cylindrical iron 
surface, the starting torque is not only reduced but will fluctuate 
between a maximum and a mi nimum according as $ is over the 
centre of a pole, positive or negative, or over the centre of a 
neutral zone. The frequency of this oscillation will be twice the 
slip frequency. With a constant c and sinusoidal m.m.f. distri¬ 
bution, the torque will be proportional to , J* sin 2 ocdoc, where 

a is the electrical angle measured from the centre of a neutral 
zone. The torque maxima and minima for a ratio of pole arc 

f 5*/6 

to pole pitch of 2/3 will therefore correspond to sin 2 ocdoc 


1 *48 and sin 2 ocdoc — 0*612 respectively, as against sin 2 ocdoc 
J-tt/3 Jo 

= 1*57 for a continuous cylindrical surface. The average 
torque is thus reduced to 2/3, while the maximum is 0*94 and 
the m i nimu m 0*39 of those values calculated by equation (10a). 

For values of B above the knee the average reduction is the 
same, but the range of torque variation is smaller. The starting 
performance will therefore be much improved if a surface layer 
is provided with the optimum magnetic and electric properties, 
not only to cover the poles but largely, or completely, to bridge 
the neutral zones. In view of the very small depth of penetration, 
a bridging sheet of this type can be made thin enough to avoid 
excessive leakance, and the continuous rotor surface thus ob¬ 
tained will also permit the use of pole-changing windings for a 
further improvement of the starting performance for special 
applications. 

(% 3) General Considerations on the Influe nce of Various 
Factors on the Torcgae ^ 

In motors for a given speed and frequency the electee and 
magnetic properties of the rotor surface can be altered within 
wide limits, either by the choice of steel or by grooving ^ 


duction clutches and eddy-current brakes, moreover, there is a 
free choice of p and hence of /for a given speed. It has already 
been indicated that the choice of these values is influenced by 
the 4 )art played by the magnetizing corfiponent AT m in deter¬ 
mining AT si and therefore N , for a given AT p . 

A distinction must be drawn between applications for normal 
frequencies and those for high frequency. In normal-frequency 
motors, starting is generally effected by applying a voltage re¬ 
duced by an auto-transformer to the stator, so as to keep the 
stator current at a permissible value. As the slip frequency 
when the motor is stationary has the full value / of the supply 
system, <S> pok and ® are similarly reduced, and AT m is not there¬ 
fore as important as AT S . The latter component and N may 
hence be regarded as almost fixed for a machine of given dimen¬ 
sions. It is seen from equation (19) that the flux, and therefore 
the starting torque, increase with Vp^c. This general rule will 
continue to apply when the induction passes beyond the knee of 
the characteristic, as Rosenberg has already pointed out. The 
starting performance can thus be much improved by using for 
the rotor a steel of high pc, such as Stalloy, or by applying a thin 
surface layer of similar material, or by grooving so as to increase 
Pa- The corresponding increase of <S> pok necessitates a higher 
tapping on the auto-transformer. That a pole-changing winding 
on the stator for doubling p at starting will be very effective for 
raising the starting torque is also evident from equation (19), 
which shows the torque to be proportional to p, other conditions 
being equal. 

A very different situation may arise in such machines as in¬ 
duction clutches and inductor-type eddy-current brakes where a 
much higher frequency is employed. Because of the large number 
of poles of very short pitch r and the fact that for mechanical 
reasons the air-gap d cannot be reduced below a certain value, 
d/r is large. AT m may then become of decisive importance in the 
diagram shown in Fig. 1. As already indicated, measures taken 
to increase the flux can then reduce the loss and the torque, 
because the resulting increase of AT m for given AT p may reduce 
AT S and N more than <E> is raised. The product p a c will thus 
have a definite optimum, which may be found by repeated appli¬ 
cation of equation (19) and Fig. 1. As the optimum is sure to 
be very flat, it may be closely approached analytically by using 
the expressions for B below the knee of the characteristic and 
taking if; = 30°. 

Similarly* for given or assumed dimensions, AT p and n, and 
also known values of p a and c, the most suitable number of 
poles can be determined. This optimum, however, will generally, 
be found to lie beyond the practical limits set by. the ratio d/r. 
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(5) APPENDICES 

( 5 . 1 ) Flux and Current Distribution in Solid Iron for Constant 
Permeability, ignoring Hysteresis 
Denote the instantaneous values of amp/cm circumference by 
n x , current density by g x and induction in the iron by b x , all at 
a*depth x below the surface. The r.m.s. values of the electrical 
quantities are N x and G x , and the amplitudes 29* and G*. Of 
the magnetic quantities, no r.m.s. values are used. In accordance 
with custom the capital letter B x denotes the amplitude. The re¬ 
sultant of all lines of force at depths greater than x is </> x and its 
amplitude <E>*. At the surface, x = 0, all terms are applied 
without index. 

Let the impressed amp/cm along the surface be n = 2V cos oot, 
where co =, 27 rf. It is known that the sum of all induced currents, 
from x = 0 to x = co, is at any instant equal and opposite to n, 
or — N cos cot. At the depth x, the sum of the external amp/cm 
and of all secondary currents down to the depth x, is 
n x = jV* cos (cot + </r*), where ifs x is an angle as yet unknown; 
this sum must be equal and opposite to the sum of all currents 
in depths greater than x, as shown in Section 1,1. 

Therefore n x = — g x dx 

Jx 

•whence, ignoring hysteresis, 

b x — cn x = -c\g x dx 

djC 

where c is the ratio B/^from the straight part of the magnetization 

<?* 10-* 
curve, g x = — = - — 


b 2 fi x c 10“ 8 


bx 2 


ja>ft x , or since (1 + ;) 2 = 2 j 


We 

bx 2 


= rrfi(\ + j) 2 $ x 
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( 2 ) 


dx 

bt X) 


e x being the e.m.f. per cm 

induced at the depth x an dp the resistivity in ohms per cm cube. 
This last equation assumes that e x is completely absorbed as 
ohmic drop where it is induced. When applied to a solid rotor 
this means that the resistances in the circumferential current paths 
at the rotor ends are considered negligible compared with the 
resistance in the axial paths where the induction takes place. 

• >*o6 

c 10~ 8 


where m = — = ^J—10 8 . . . . (3> 

V 2 p p 

The well-known general solution of equation ( 2 ) is 
29*= + 2 )* + Be-H 1 + 2 )* ' 

Of the two integration constants A and B, A is 0, because for 
x = oo, 29* is 0. The instantaneous value is hence given by 

n x = Be -”* 1 = B€~ mx 

== B€~ tnx [cos (cot — nix) + j sin (cot — mx)] 
the sum of two components of which only the real one applies 
with B = 29" satisfying the boundary conditions for x = 0 and 
x — oo, i.e. n = N cos cot and n = 0 respectively. We thus 
arrive at the solution 

n x = Ne~ mx cos (cot — mx) . .. • • , (4) 
b x = Be-™* cos (cot — mx) . ... . (5) 

These lead easily to the equations for the current density in the 
iron, the eddy-current loss, the total flux <£> and the angle ifs as 
given in Section 1.2.1. 

( 5 . 2 ) The Influence of Hysteresis on the Flux and Current 
Distribution in Solid Iron for Constant Permeability. 

With the same symbols as in Section 5.1, express the hyste¬ 
resis loss per cm cube of iron by: L h — rjfB 2 , where rj is 
chosen as in Section 1.2.1. This expression, for constant 
c = B/29, implies a constant hysteresis angle o defined by 

sin o = ^10 8 . The amp/cm at the level x below the surface is, 

7T , 

as before, given by the real part of n x = but we have 

now to write - . 

6 * = B*e 2 (^-^> . ....... . . . ( 6 ) 

The equation for the current density 


.-8 


g = ^ = f* = - \^dx 

Sx lx p p lit 
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Now 
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P J 

which twice differentiated gives 


~?dxdx 

It 


now gives 


= 10 8 —Z = £l0 -8 tfja>e^“ ,_o) 
bx 2 p bt - p 


b 2 b x _ c 10" 8 bb x 


and because 


bx 2 , bx 2 


and because b x — cn x 


bx 2 

bx 2 


p bt 
c 10 -8 bn 


b 2 $r C 


‘x 

bt 


(1) 


= -JlO-tftJioe-fr = ^10- 8 (1 +j) z ft x e- J ° 
bx 2 p . 2 p 

= m 2 (l + • • 


• CO 


J. J. Thomson’s 2 treatment begins with this equation. 


Express by a function of n x not containing t explicitly a 
■ ■ ■ - :: 
variable, so as to transform equation ( 1 ) into an ordinary homo¬ 
geneous differential equation with constant coefficients. : As n x is 
a sinusoidal function of t, we may write n x = = 29* 

(cos cot + j sin cot) where j = *sZ— 1 , keeping in mind that only 

the real part o^n* applies. This giyes = jco fl *€^ = jcuw*. 


m 


y P 


”x . 

..... .. u 

' - . () 2 «* 

which substituted in equation ( 1 ) gives -r-p- 


C 10’- 8 . ; .V 

s j<on x and 


where, as before. 

The solution of equation (7) is ^ 

V':\^--^ 'V29* ; == Ak™^ + 2 )^ 6 “/°^ 4 . m(i +j)V 
with : : ;A&P\ as 29* = 0 for x - oo 

and B = 29 r as 29*= 29" for x = 0 

■ ' -j- : 

whence n x = — 29 €” m ^ 1+ 2 )s 2 xi-j&t 

of which only the real part applies. 
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By introducing e ~~ J 2 = cos ^ — j sin also cos - + sin - 

2 2 2 2 

88 Vl + sino- and cos^ — sin- = Vl — sincr, the real part 

is easily found to be 

n x == cos [ut — (Vl - sin a■) m] (8) 

from which follows 

b x = 2?e-Vi+ShT om * cos _ (VF -sina )^ - al (9) th * SU “ ° f tWO 9 0 ° dispIaced waves > 
Further, J putting V 1+sin a — h, may be written 

%x ” *v ~~ ~ —772 Nc ~~ 1 + sin o m.v 

<wc 



[Vl + sincr cos (cot - Vl — sincr mx) 

— Vl — sin cr sin (cot — Vl — sin o mx)] 


the sum of two 9 0° displaced waves, which from Fig. 14 and 
m; 

S x = - VTmfte ~hmx cos ^ _ (Vl - sin a)mx + |-|J ( 10 ) 
Vl — sincr 77 or 


since arc tan - 


V1 4- sin cr 4 2 


“THE SUPPLY AND DISTRIBUTION SECTIONS OF THE REPORT* ON 
ELECTRICITY SUPPLY, DISTRIBUTION AND INSTALLATION” 

TRANSMISSION SECTION DISCUSSION MEETING, 28TH MARCH, 1944 


Mr. P. E. Rycrofit, who opened the discussion, remarked that 
during the last few years post-war planning had become almost 
an obsession, but that there were very few industries in which 
planning had been more systematic and scientific than in the 
electrical industry. The chief difference between pre-war plan¬ 
ning and present-day efforts was that in the past they consisted 
very largely of individual endeavours not formally correlated, 
whereas now' the trend was towards mass planning. It would 
be quite wrong to allow the general public to think that the 
electrical industry was in such a chronic state of mismanagement 
that very large-scale reorganization was necessary. On the con- 
trary, those engaged in the industry could point with pride to 
the remarkable results achieved by their efforts. 

Turning to the Report, Mr. Rycroft pointed out that No. 3 
Sub-Committee had devoted eight pages to advocating the 
standardization of the voltage of consumers’ supplies. Some of 
this space might have been more usefully employed in indicating 
how it was proposed to provide the money to carry into effect 
vhat had been recognized as an essential step many years ago. 
The chief point of this Section of the Report was that the cost 
of effecting the necessary changes would be about £17 500 000 
which would entail £1250 000 per annum for the repayment of 
interest and principal. With an annual income for the whole 
industry of about £100 000 000, the industry should not find it 
difficult itself to provide the money for the 20 years probably 
necessary to liquidate the capital sum. This meant, of course, 
“a* the consumer in his turn would have to find the money 
At the same time the suggested £17 500 000 could apparently be 
materially reduced, because it included altering those systems 
which at present were very near to the required standard Where 
there was a difference of only 10 or 20 volts, undertakers should 
receive legislative authority to give six or twelve months’ notice 
to consumers of the proposed change, thus giving them time to 
replace their lamps and apparatus, and relieving the undertaking 
of the cost. The undertaking should not be compelled to give 
new lamps and small pieces of apparatus in exchange for others 
mat were often almost worn out. 

re gard to ‘‘Availability of Supply” the Report gave him 
the impression that there were many consumers, particularly in 

of the Post-War riannlng Committee 


rural areas, clamouring for electricity they could not get; in his 
view there was very little evidence of this. The rural area with 
which he was familiar, an area of 250 sq miles, had 70 villages 
with a population of 40 000 and some 10 500 houses. No fewer 
than 7 800 of these premises had already been connected in 13 
years, and the total capital expenditure for all purposes in¬ 
cluding services, was £250 000, without any subsidies. TJiepre/ 
sent revenue was £63 500 per annum, or a little over 25 per cent 
of the capital invested. By the system of finance adopted, prac¬ 
tically half of the original capital had been repaid, and it was 
estimated that with a post-war expenditure of a further £90 000 
all the properties within the area to which the supply was not 
at present available, would be served. The total kW^suppUed 
were 8^ millions per annum, of which about 2 million were 
supplied through prepayment meters. The two-part tariff was 
on the basis of 15 per cent of the rateable value, with a running 
charge of |-d. per kWh. He had a strong preference for the 
rateable-value basis as against the floor-area basis for the assess¬ 
ment of the fixed charge. The maximum flat rate was 5jd. per 
kWh and in both cases there was a war surcharge of 20 per cent. 

As regards wayleaves he had personally encountered few 
difficulties, but he regretted that the Committee had npt made 
some suggestions for standardized charges for wayleaves. • *\ 
In another part of the Report, it was implied that overhead 
lines were an essential and permanent feature of r&ral supply. 
He did not accept this and urged that in many cases underground 
distribution offered real advantages, judged on a long-term view. 
In the area he had mentioned, there were 119 miles of lo w%>ltage 
distribution network with only 35 miles of low-voltage overhead 
lines. 

The value of mechanized farms to the building-up of a load 
on the electricity undertaking was,he thought, very largely illusory 
and, in support, he quoted figures of the small consumption of 
units for the horse power installed in the area already refefred to. 
The value to the undertaking of the farm load actually lay in the 
increasing use which the farmer’s wife made of electric cooking, 
water heating, etc. 

He was doubtful of the suggestion in the Report that sendees 
should be supplied free of charge to a limit orfcost not greater 
than was involved in the urban case, and he thought the sugges¬ 
tion of under-eave construction highly controversial and certain 
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to meet with strenuous opposition from individualist house¬ 
holders. 

FinaUy, he thought that the recommendations in the Report 
were presumably for thfc guidance of Government Departments, 
but he did not consider them emphatic enough. Indeed, he 
thought the whole matter had been approached with some 
timidity, and he was emphatic that subsidies of any kind were 
not an essential feature of successful schemes of rural develop¬ 
ment. 

Among the contributors to the discussion were the Chairman 
of the Post-War Planning Committee—who was also Chairman 
of Sub-Committee No. 3—and individual members of the 
specialist Panels setup for the detailed consideration of various 
aspects of the Report, who took the opportunity to re-state and 
elucidate the views set out therein. On the other hand, divergent 
views were not lacking. 

jOn behalf of the Committee, it was made clear that the Report 
was not drafted to produce provocative proposals with the object 
of starting discussions in The Institution, but rather to group 
together a number of matters on which, so far as the Committee 
could judge, there was fairly wide agreement in the industry, so 
that the proper authorities could take effective action. The 
advocacy of completion and of voltage standardization as a 
National Industrial Plan was emphasized as a major plank in 
the recommendations made. 

In criticism of the Report, it was said that there would be 
difficulty in convincing owners of 250-volt systems that they 
would gain by the change, as there would be a loss of some 
15 per Sent in system capacity for which no compensation was 
Suggested. The view was emphasized that the Committee should 
have made definite proposals as to how the change-over was to 
be effected, and it was thought there was not very much wrong 
with the present powers of undertakers if rightly used. 

A further statement from The Institution of a more imaginative 
and constructive nature than was contained in the Report, was 
asked for by one speaker in connection with rural electrification, 
and it was urged there should be some scheme by which the 


increased value of land due to a supply of electricity becoming 
available should contribute towards the cost of bringing electricity 
into the rural areas. 

Another speaker considered the figure of £2 18s., given in the 
Report as the average cost per kW connected for increasing the 
voltage from below 220 to the proposed standard, as high, and 
he wondered from which type of undertaking this average had 
been derived. An example was mentioned in which the cost 
worked out at £1 2s. per kW connected, a total of about 
17 000 kW being involved. 

It was suggested that the Report was inconsistent in advo¬ 
cating standardization of voltage, without at the same time 
dealing with the change-over from d.c. to a.c., which would 
considerably increase the estimated cost of £17 500 000. Another 
general point was that voltage standardization, complete or 
partial—leaving 250 volts as a secondary standard-—would be 
beneficial to manufacturers, undertakers and consumers alike, 
and it was thought to be not unreasonable to expect lamp makers, 
motor manufacturers and heating-element makers to assist in 
this by quoting specially favourable terms for replacing or re¬ 
winding non-standard articles. It was recalled that some pro¬ 
gress in this direction was made before the war. 

In regard to rural supplies, emphasis was laid on the fact that 
capital costs were often twice those in urban areas, and the 
Committee was criticized for not taking this sufficiently into* 
account and for making no allowance for depreciation, repairs, 
and maintenance. These charges were said* by one speaker, 
who claimed wide experience, to be just as heavy in rural work 
as the capital charges. Subsidies for rural development were 
opposed, if only for the reason that they would mean Treasury 
control. Attention was called to the lack of statistics with 
regard to rural electrification, and the concrete figures given by 
Mr. Rycroft were welcomed. Another example was mentioned 
of a rural area of 4 300 sq miles containing 220 000 premises,, 
where the supply was said to be available to no less than 80 per 
cent of the premises, no fewer than 176 000 being connected, 
including 3 100 farms. Of the latter 600 were completely isolated 
with no other building within half a mile. 


DISCUSSION ON 

“BOILER-HOUSE MEASUREMENT AND CONTROL FOR EFFICIENT 

FUEL UTILIZATION ” * 


MERSEY AND NORTH WALES CENTRE, 

• 

Mr. T. Coates: I am interested from the power station aspect 
in the accuracy demanded of meters by users. I do not think 
that we can be blamed for insisting on test accuracy so far as 
boilers are concerned, because it is realized that it is unnecessary 
to ask for an instrument with an exceptional degree of accur acy 
since very large quantities are being measured and the readings 
can only be taken from a few points which it is hoped will give 
a reliable mettn value either of draught, furnace temperature or 
gas analysis. Dependability and not accuracy is therefore 
insisted on; this factor is by far the more important and should 
be closely studied by instrument makers in the production of 
industrial instruments. ’ 

Up to quite rejfehtly boilers were operated on two gauges— 
water gauge and pressure gauge. Substantial progress has been 
made beyond these two gauges and a modem boiler may now 

* Paper by G. H. IBarkisr and A. L. Hancock (see 1943, 90, p. 217). 


AT LIVERPOOL, 1ST NOVEMBER, 1943 

have up to 78 instruments. At the same time, efficiency has. 
increased considerably, and to maintain this higher standard 
it is essential to know the conditions and the changes they are 
subject to in each different part of the plant. The authors 
apparently assume that before an instrument is installed, the 
engineer wants to know what saving will be effected. While 
this may be so on small plants, on large plants a wider view is 
taken and it is realized that full details of the performance must 
be available to forestall any severe maintenance problem liable 
to impair the efficiency of the plant. 

The authors lay stress on C0 2 meters, which were the first 
type of meter giving an insight into the performance of a boiler. 
These meters have always been a source of trouble, and the authors 
admit Ih&t{theyneed much attention. It would have been more 
satisfactory if they had promised a C0 2 meter in the near future 
which could maintain an accurate reading over a number of years 


250 DISCUSSION ON “BOILER-HOUSE MEASUREMENT 

The authors measure the air flow for automatic control by 
the differential pressure across the boiler, presumably from the 
bottom of the combustion chamber to the gas exit before the 
air heaters. Surely this is a doubtful quantity and depends to 
a large extent on the cleanliness of the boiler tubes. Mention 
is made that in some cases a Venturi tube is fitted in the air ducts 
to get more accurate results, but where this is impracticable 
could not sufficient accuracy be obtained by means of Pitot 
tubes? 

The main advantage of automatic control would appear to 
be that, instead of regulating a boiler on half a dozen controls 
or more, the attendant has only to deal with one, namely the 
fuel/air constant. This constant does not hold for all load 
conditions and it is impossible to take into account variations 
in the quality of coal. It appears therefore that the attendant 
has to regulate the fuel/air control just as often as he would the 
normal controls on a hand-controlled boiler. 

It is satisfactory to note that the authors do not claim any 
fantastic figures for saving in efficiency; yet it is disappoint¬ 
ing that they do not indicate what figures can be realized. 
Mention is made in the paper that even if the saving is only 
0*5% it is worth consideration. I agree; in large power stations 
this figure would represent a saving of £7 000 per year in coal 
cost alone. The main saving with automatic control appears 
to be that it is possible to run boilers nearer the maximum 
pressure. Whereas this does not make much difference to the 
boiler efficiency it does improve the turbine efficiency and for 
approximately every 7-lb/in 2 increase in pressure the efficiency 
is raised by 0*1%. It will be interesting to have some figures 
showing the difference between plant operating at a constant 
pressure and plant operating with a 50-lb/in 2 fluctuation. 

Mr. V. L. Farthing: Only a year or so ago, it was difficult to 
get the ordinary industrial engineer interested in a C0 2 recorder: 
now it is difficult to* persuade him to wait patiently for the 
instrument he has at last ordered. 

In 1938, we at the Liverpool Engineering Society, had a paper 
on automatic control by Mr. J. E. O’Breen, but it was a little 
before its time. Now the national necessity for fuel economy has 
brought the subject again to the fore. 

Most members of The Institution are probably power-station 
engineers with very heavy coal bills. A saving of 0*5 per cent 
is worth considering, and most manufacturers of control equip- 
naent will guarantee that percentage. Possibly most members 
of the Liverpool Engineering Society are more concerned with 
Lancashire and economic boilers, and with these industrial 
plants it is quite common to make at least a 3-5% saving. 

Mr. E. J. Evans; The measurement aspect of this paper,-- 
despite the title, appears to be subordinate to the authors’ real 
subject of -automatic boiler control. Does not the former 
warrant a separate paper? 

In many cases the virtues of automatic boiler control are 
apparent without reference to minor increases in boiler efficiency, 
which may or may not be attainable. The authors- mention 
several examples of automatic control in power-generation 
prach^-the universal use of automatic voltage control might 
be added—*11 of which are fully justified without considering 
fuel economy. On the other hand, I would ask the authors 
to extend their reply to a question, in the London discussion, on 
tiie value of automatic boiler control in base-load stations. 
Some mdustrial-boiler installations are in every way comparable 
with pubhc-supply .base-load plants and are operated at the 
highest attainable outputs per unit of installed capacity. What 
advantages would automatic boiler control offer in the case of 
industrial^bofler pl^ with:powdeirbd'J 

lull instrumentation and complete remote manual control; 
operating at high efficiency and an average load of approximately 
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90% of m.c.r. for about 90% of the maximum possible running 
hours per annum? 6 

The authors refer to the high degree of reliability inherent in 
the components employed for automatkfboiler control. Would 
they agree that such reliability cannot be fully obtained without 
a high standard of maintenance, and that automatic boiler 
control will not be given unbiased recognition until general 
instrument maintenance, excluding kWh meters, receives more 
care and organization than at present in the average generating 
station? 5 

In the measurements part of the paper, the authors point out 
in their table of essential instruments, that feed-water meters 
are necessary for efficiency determinations and that steam 
meters are required for indications of load, etc. Would the 
authors agree that water metering as the basis of boiler'test 
codes results from its inherent accuracy being greater when such 
codes were drawn up than steam metering. Using all due 
corrections is it not true that modem steam metering can he 
comparable with water metering, bearing in mind the authors’ 
comments on the accuracy of measuremeq t desirable in boiler 
operation? 

In view of the present fuel difficulties and the desirability of 
statements on the commerical efficiency of boilers being based 
on the useful output, i.e. allowing for loss of steam to soot¬ 
blowing, has not the time arrived when boiler efficiency should 
be determined on steam output instead of water input? 

Flow measurement is of increasing value, particularly in respect 
of the authors’ subject. The new B.S. Code on flow measure¬ 
ment, dealing with the differential-pressure devices employed, 
namely nozzles, orifice plates and Venturi tubes, is a iftost im¬ 
portant publication. Would the authors give some information 
on the general utility of these devices with their associated 
indicators, recorders and integrators in boiler house measure¬ 
ments? 

Mr. J. L. Ashworth: There appears to be a tendency to-day to 
make instrument mechanism too elaborate. I think instru¬ 
ments for boiler-house work should be of simple, robust con¬ 
struction, and should x be provided wherever possible with a 
means for rapidly checking the instrument. The operating 
engineer wants an instrument with a high degree of reliability, 
rather than a high degree of accuracy. Instruments should be 
designed to require the minimum amount of maintenance. 

I am surprised that the authors have not included the critical 
pressure gauge in their schedule of essential instruments, although 
they have mentioned it in the paper. This gauge is a valuable 
and useful equipment in the boiler house and gives immediate 
indications of any slight change in steam demand. * 

Automatic boiler control is the logical outcome of increased 
progress in measurement and control in the boiler house. It 
performs simple actions required by changes in steam demand, 
thus freeing the operator for the really skilled work of efficiently 
burning the fuel on the grates. Automatic control can supply 
the correct total quantity of air, but cannot admit the air in the 
correct proportions over the length of the fuel bed. This is 
the work of the operator, who is guided by his experience with 
different ranks of coal. The thickness of the fuel bed frequently 
requires adjusting, which again depends on the rank of the coal. 
Efficient combustion requires a fixed length of Tuel b$d. A - 
different quality of coal coming on to the grate can cause a rapid 
shortening of the fuel bed with the resulting escape of excess air 
from the back end of the grate. 

Without automatiq-control, the operator’s main concern is 
maintaining steam pressure, efficient combustion becoming a 
secondary matter. With automatic control, the operator is 
relieved of the anxiety of attempting to maintain constant 
steam pressure and can make combustion his main concern. 
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Mr. D. K. Coldwell: At the beginning of the paper the authors 
state that the pressure gauge is outmoded, yet later they describe 
its importance for automatic control. 

Air-flow meters should be adopted more generally, as, in 
collaboration with coal meters, proper combustion can be 
attained independent of the flow meters. Automatic control 
will maintain constant pressure, and any saving in fuel can only 
be made by attention to fires and the coal/air ratio. The instal¬ 
lation of automatic control leaves the combustion or stoker 
personnel more time to attend to this important item. 

The instruments should be as reliable as those used on the 
electrical side. , 

The modern boiler is being equipped with far too many 
instruments; one speaker mentioned 78, and in the paper 22 are 
given, whereas eight to twelve should be quite sufficient. 

Mr. J. Goulden: Every boiler should be fitted with sufficient 
temperature indicators to enable the engineer to satisfy himself 
that boiler, superheater, economizer and air-heater are all doing 
their designed duty. I consider temperature recorders are 
necessary for steam, feed water and final gas, and have found 
steam-flow/air-flow meters very useful and easily understood by 
the operators. C0 2 instruments should also be included in 
the equipment. 

We have had automatic control of feed-water, superheat, 
furnace pressure and soot-blowers. These arrangements have 
been very successful, and I think fully automatic boiler control 
will become general in the near future. In my view, the main 
thing about automatic control is that it relieves the operator of 
much tedious work and enables him to devote his attention to 
other essential, but often neglected, duties, the most important 
•being the control of firing conditions in regard to thickness of fuel 
bed, air distribution and bum off. I think 0-5% has been 
mentioned as a likely improvement in efficiency from the appli¬ 
cation of fully-automatic control to a modem boiler plant. 
Whilst agreeing with this, I think it would be very difficult 
indeed to prove such a small gain. 

Mr. S. R. Hollway : The authors do not state what happens in 
a power station where there are a number of changes of coal 
during the day; has the automatic regulator to be re-set for 
each change? 

In Section 6 the authors describe a boiler efficiency meter. 
Taking the particular case of a stoker-fired boiler, the use of 
items 1, 2 and 3 for determining the top line of the efficiency 
equation is apparently sound, but items 4 and 5 are open to 
question. Normally, when fuels are of reasonable quality the 
meter may give a close approximation to the true efficiency. 
£>ne of the present-day difficulties, however, is that combustion 
is not completed in the length of the stoker and a considerable 
loss takes place due to unconsumed fuel in the ash. An instru¬ 
ment desigfled on the . lines suggested would take no account 
•of such loss, as the authors infer, and since low-grade fuels are 
likely to remain in use for some years after the war this type of 
meter would appear to be ruled out for a long time to come. 

The authors state that with automatic control the operator 
is relieved of the “most exacting part of the control problem, 
and has more time to devote to those matters over which the 
automatic cpntfol system can have no influence , e.g. fuel-bed 
conditions.’ 9 Surely the very factors that we automatically 
control are those which ultimately determine the fuel-bed con¬ 
dition? The provision of an overriding control in the hands of 
the manual operator is a confession ofpartiaT^ 
of the automatic system. If the operator is in the habit of carry¬ 
ing an # excessiveidrau^it under hand-control conditions,: aivety 
common failing, the same operator will use the overriding control 
to carry an excessive air-flow/fuel-flow ratio with automatic 
control, : 


Mr. W. L. M. French: There has been much controversy in 
the past in connection with automatic boiler control, as to 
whether the master controller should be governed by the steam 
pressure or by the steam flow. The paper lays particular 
emphasis on regulation by steam pressure. Would the authors 
explain the reason for this? 

After lengthy experience with the steam-flow/air-flow appar¬ 
atus used in conjunction with automatic boiler control, I have 
come to the conclusion that it is very reliable. It is, in my 
opinion, superior to any form of C0 2 instrument in the attain¬ 
ment of combustion efficiency, whether used for automatic or 
manual control. 

The authors have not referred in any great length to the auto¬ 
matic control of pulverized-fuel boilers, although, I believe, 
automatic control of large power-station boilers has been 
developed very largely with this form of firing. It appears that 
automatic control is much more complete where pulverized-fuel 
firing is adopted, because there is not the need for the operators 
to take care of the troublesome fuel-bed conditions of stoker- 
fired boilers. 

Mr. E. H. Jones: Of the number of instruments recommended 
for use in connection with the modern boiler, nine are recorders. 
In a battery of 10 or 15 boilers, the time taken merely to change 
the charts, ink the pens and wind the clocks will take up most 
of a morning. It is possible to have too many recording instru¬ 
ments with the result that, after a lapse of time, the charts are 
not changed at all. 

The authors are prone to fix all the blame for inefficiency on 
the boiler attendant who is actually operating the boiler. This 
is hardly fair. Inefficient operation can be broadly divided into 
two classes: ( a ) where an improvement may be obtained immedi¬ 
ately, by operating the boiler controls, and (&) those instances 
which arise from fouled heating surfaces or some mechanical 
defect, and can only be rectified by taking the unit off the line. * 
Automatic control would be of no help in (b), but may prove 
valuable in prolonging the period of normal running before 
such conditions arise. 

It is important to realize that a boiler furnace has not merely 
to be adjusted—it has to be managed. So far as adjustments 
go the automatic controller will always be better than a human 
being. For this reason, feed-water flow, furnace pressure, and 
steam-temperature. control are best bandied automatically. 
The first is already universal and the other two are obvious deve¬ 
lopments, but the authors’ statement that adopting these three 
measures leaves only a “short step” to the adoption of fully- 
automatic control, cannot be accepted. The controller may 
be very unsatisfactory on the management of a furnace—as the 
authors admit. This calls for a combustion engineer or a highly- 
trained stoker with the ability to think ahead. 

The authors stress the accuracy with which automatic control 
follows changes in the loading of the plant, and the assumption 
seems to be that the closer the variations are followed, the more 
efficient will be the operation. It would be interesting to 
have their view on a special case—that of a base-load power 
station. The supposed advantages of base-load working are 
steady conditions which lead to more efficient operation. There 
is now a tendency to fit very sensitive speed governors to large 
modem turbo-alternators, owing to anxiety about the conditions 
which may arise when those machines thrbw off a large electrical 
load and overspeedl These governors have such a “flat” 
characteristic that they are sensitive to minor changes in the 
supply frequency such as continually occur throughout the day. 
It is not uncommon for the output of a base-load station to 
vary by as much as 15 % in as many minutes, simply as a result 
of the automatic response of the governors to a relatively small 
change in the supply-system frequency. Do the authors con- 
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sider that variations such as this should be faithfully followed by 
the boiler-house automatic control? Would it not be better 
to devise some means of an automatic nature to eliminate these 
undesired fluctuations and restore to the base-load stations the 
advantages of a truly steady load? 

Mr. F. J. Worland: In Section 4, the authors state that the 
purpose of maintaining a slight negative pressure in the com¬ 


bustion chamber, “is concerned with the time required' for 
combustion, the development of the desirable degree of turbu 
lence, and the prevention of uncontrolled air admission* or of 
leakage from the furnace.” The second two reasons*are obvious 
but hardly the first two. Would the authors give further in¬ 
formation of the relationship between slight negative furnace 
pressure and the time and turbulence requisites of combustion? 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. G. H. Barker and A. L. Hancock (in reply ): Much has 
been said about the accuracy and dependability of boiler instru¬ 
ments. In seeking perfection, several points must always be 
borne in mind, namely (1) that as the value of a measuring in¬ 
strument rests upon the use made of its readings, the closest 
co-operation is required between maker and user; (2) an increase 
in accuracy, i.e. sensitivity, must usually be paid for by reduced 
resistance to adverse conditions bf use; therefore, the accuracy 
demanded should not exceed that required for the proper con¬ 
duct of the process;- (3) comparisons must be of similar instru¬ 
ments undertaking the same measurement; and (4) in judging 
performance, the nature of the measurement being made must 
be understood, e.g. many complaints against the COo recorder 
are misdirected. 

Mr. French compares the steam-flow/air-flow meter and the 
C0 2 recorder, to the great advantage of the former. On the 
score of reliability the meter gains, because its duty is so very much 
simpler. There cannot be any other comparison, for the two 
mstruments make quite different, although related, measure¬ 
ments and are mutually dependent. 

Mr. Coates asks whether air flow through the boiler could not 
be better measured with a Pitot tube. The objections are* 
its extreme susceptibility to choking, and (b) the arbitrary 
differential pressure it produces. 

■ We agree, with Mr. Evans. There is little to choose between 
the accuracies of corrected steam-flow meters and feed-water 
meters corrected for temperature. The choice will depend upon 
the plant and its economics, but on large, complex plants both 
measurements are essential for good control. 

Further to the comments of Mr. Ashworth and Mr. Goulden 
we might add that the automatic-control system must be judged 
on what it sets out to do, and not by what one would like it to 
be able to do. _ As indicated in the paper the duties of the modem 
automatic boiler-control system are quite clearly defined. The 
choice of 0 • 5 % as the minimum gain in efficiency to be expected 
was deliberate. As anticipated, speakers with practical ex¬ 
perience of automatic control quote much greater savings. 

.On the question of furnace management, it must be clear that 
the automatic control system cannot take any part in this beyond 
its variation of the fuel-input rate. Furnace management com¬ 
mences with the design of the furnace and the selection of the 
luel; so many of the dependent operating factors are matters of 


chance and not matters of law, that furnace management must 
always remain a man-function. 

Mr. Coates suggests that under automatic control the boiler 
attendant would have to regulate the single fuel-air control as 
frequently as he operates the several controllers under manual 
operation. The fuel/air ratio to be imposed initially under auto¬ 
matic control will be the best average for the known conditions. 
Any error will be of fractional magnitude and very much le§s 
than the normal errors of the best manual operation Under 

^ U ^ COntr ° 1 ' a fluctuation of > sa y> 1 % about a mean of 
14/ 0 C0 2 means a variation in the excess air percentage of from 
22 to very nearly 40 per cent. With automatic control, the pre¬ 
imposed fuel/air ratio is maintained consistently, and the errors 
resulting from load-change and calorific-value variations will only 
be small. The ratio can be altered precisely at any time by a 
simple, readily accessible adjustment. This means of adjustment 
can be locked, which disposes of the point raised by Mr 
Hollway. 

It is usually argued that in the base-load station a gain in 
efficiency through automatic control is most unlikely, as there is 
no steam-pressure problem because of the constant load. But 
pressure records of central power stations show that the variation 
mentioned by Mr. Coates, i.e. 501b about a mean of, say, 
625 lb/m/ is common. 

Mr. Jones may be interested to note that the steam-pressure 
variation to which the automatic-control system shall respond 
may be determined by the operating engineer. He can adjust 
its sensitivity to pressure changes to suit his own requirements. 

In answer to Mr. Worland, the first point is that of the velocity 
condition within the combustion chamber from the point of view 
of combustion efficiency. The choice of pressure is 
by the reasons given. Pressure change is chosen as the basis for 
automatic control as steam pressure is the only reliable index of 
the balance between heat input and output. Consequently, it is 
e only basis for precise control. As the measured pressure 
change results from a change in the steam-flow rate, they are 
virtually equivalent. ~ 

The purpose of the critical pressure gauge is to induce the 
fireman to be concerned with relatively small fluctuations about 
a mean and thus indure a quicker response to th£ changes in 
load, so that radical changes in the combustion rate may be 
avoided. 
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PROCEEDINGS OF THE SECTIONS OF THE INSTITUTION* 


INSTALLATIONS SECTION 

23rd Meeting of the Installations Section, 

13th April, 1944 

Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.), Chairman of the 
Section, took the chair at 5.30 p.m. 

The minutes of the meeting held on the 9th March, 1944, were 
taken as read and were confirmed. 

The Chairman announced the nominations to fill the vacancies 
% which would occur on the Committee on the 30th September, 
1944. • 

In the event of a ballot for the new Committee being required, 
Messrs. A. Morgan and C. W. M. Phillips were appointed 
scrutineers. 

A paper by Mr. C. A. Cameron Brown, B.Sc., Associate 
Member, entitled “The Electrical Aspect of Farm Mechaniza¬ 
tion,” was read and discussed. 

A vote of thanks to the author, moved by the Chairman, was 
carried with acclamation. 1 

24th Meeting of the Installations Section, 

4th May, 1944 

Mr. A. G. Ramsey, O.B.E., B.Sc.(Eng.), Chairman of the 
Section, took the chair at 5.30 p.m. 

The minutes of the meeting held on the 13 th April, 1944, were 
•taken as read and were confirmed. 

A paper by Messrs. W. N. C. Clinch, Member, and F. Lynn, 
, entitled “The Design and Performance of Domestic Electric 
Appliances,” was read and discussed. 

A vote of thanks to the authors, moved by the Chairman, was 
carried^with acclamation. 

, MEASUREMENTS SECTION 

114th Meeting of the Measurements Section, 

^ * 21st April, 1944 

Mr. Is. W. Moss. Chairman of the Section, took the chair at 
5.30 p.m. 

The miqutes of the meeting held on the 31st March, 1944, were 
takeq as read and were confirmed. 

* Excluding the Wireless Section, the Proceedings of which win be found in 
Part I and also in Par III of tfce Journal 


The Chairman announced the nominations to fill the vacancies 
which would occur on the Committee on the 30th September, 
1944. 

In the event of a ballot for the new Committee being required, 
Messrs. A. J. Gibbons, B.Sc.Tech., and H. S. Petch, B.Sc.(Eng.), 
were appointed scrutineers. 

A paper by Dr. L. Jacob, M.Sc., entitled “A New Type of 
Electron-Optical Voltmeter” was read and discussed. The paper 
was accompanied by a demonstration of apparatus. 

A vote of thanks to the author, moved by the Chairman, was 
carried with acclamation. } 

TRANSMISSION SECTION 

60th Meeting of the Transmission Section, 

12th April, 1944 

Mr. T. R. Scott, D.F.C., B.Sc., Chairman of the Section, took 
the chair at 5.30 p.m. 

The minutes of the meeting held on the 28th March, 1944, were 
taken as read and were confirmed. 

The Chairman announced the nominations to fill the vacancies 
which would occur on the Committee on the 30th September, 
1944. 

In the event of a ballot for the new Committee being required, 
Messrs. F. N. Beaumont and A. E. Nicol were appointed 
scrutineers. 

A paper by Messrs. G. W. Preston and H. G. Taylor, D.Sc. 
(Eng.), Associate Members, entitled “Copper Conductors for 
Overhead Lines,” was read and discussed. 

A vote of thanks to the authors, moved by the Chairman, was 
carried with acclamation. 

61st Meeting of the Transmission Section, 

10th May, 1944 

Mr. T. R. Scott, D.F.C., B.Sc., Chairman of the Section, took 
the chair at 5.30 p.m: 

The min meeting held on the 12th April, 1944, were 

taken as read and were confirmed. 

A paper by Mr. J. L. Carr, B.Sc., Member, entitled “Remote 
Switching by Superimposed Currents,” was read and discussed. 

A vote of thanks to the author, moved by the Chairman, was 
carried witii acclamatidn. 



STANDARDS OF PERFORMANCE OF GENERATING PLANT, BASED ON FIVE 

YEARS’ OPERATING DATA 

By R. W. BILES, Member,* and G. W. MAXFIELD, Associate Member.* 

{The paper was first received 17 th August, and in revised form list December, 1943. It was read before The Institution 3rd February 
before the Western Centre 14 th February, and before the South Midland Centre 1st May, 1944.) y * 

SUMMARY 

Tlie paper is a review of the performance of a group of generating 
stations over a 5-year period, with comments upon coal qualities, 
thermal efficiency, analysis of the different classes of breakdown with 
deductions as to probable operating life between breakdowns, plant 
availability and the effects of loading. 

The plant under review is divided into three groups, pre-1930,1930— 

1938-1942, From the results, curves for maximum probable 
availability are deduced. 

The suggestion is made that “operating efficiency” should be calcu¬ 
lated on a uniform basis and included in station records. The need 
for an overall standard by which the performance of generating stations 
can be judged is discussed, and the term “standard merit,” based upon 
operating efficiency and plant availability, is suggested. 


(1) INTRODUCTION 

Loading conditions on generating plant during the past 5 years, 
and particularly on the group of generating stations upon which 
observations are being made, have been considerably above 
normal. 

During the last three years of the period the installation of new 
generating plant did not keep pace with requirements and in 
consequence the existing plant was called upon to generate at 
milch higher load factors. 

These conditions and difficulties arising therefrom prompted 
the authors to make a special study of operation records with a 
view to summarizing the performance of the generating stations 
separated into the appropriate groups for the purpose. The 
reasons for the rapid increase in load are of no particular con¬ 
cern in the investigations and have therefore been omitted. 

In the Sections which follow data are given regarding actual 
results from which the suggestions for standards of performance 
have been made. There would appear to be some good grounds 
for combining an availability efficiency with an operating effi¬ 
ciency to be called ‘standard merit” as a measure of a station’s 
performance. 
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Fig. 1—Plant capacity and annual average output per available kW. 

together with the groups of plant which are being separately 
reviewed. The turbines number 77 and the boilers 144. 


(3) COAL QUALITY AND SUITABILITY 
The total coal burnt was mainly from South Wales and Forest 
of Dean coalfields, with a small percentage from the Midlands 
and Northumberland. The fuel supplied during the first two 
years of the period was of superior quality to that supplied 
(2) TOTAL PLANT CAPACITY AND OUTPUT during the last three years of the period. 

able capacity, with a corresponding load factor scale t&S , ^tputs from the boiler plant, *s amongst 

froml^S^ ^elvirS^ ( SS < " ntent ’ ash COntent and ^ of the 

available plant capacity rote from424-J to^37-8 MW^T c . As ^ contents were high, owing to unwashed coal being re¬ 
crease of 113-3 MW trom 424 5 to 537 8 MW, an in- ceived from the collieries. Coal with a proportion of fines above 

. It is noticeable that the available capacity in 1940, 1941 and dSch^ common; this was due to lack of grading before 

b *?'*****«■**<** derigninatUled 

(iMfom-J, throughout (he period and the arniutd output pit kW hw/tarton StSSS “ low 

of available capacity rose from 4 892 kWh to 6 722 kWh ? i e the wSeTrau^t wl?^ ^ unsui ^ le for them ! Particularly 
average running plant load factor increased from °/ tA 770/ « re poor > ^ ere were numerous occasions when 

The figures &eS , c ? ld ^ kept alight. The high carbon and low volatile 

1941an<n<&2, SS efficiency of combustion, and the per- 

available plant capacity. *eavy mcrease m loading on the centre oLpombustible in ash was high. During the last six 

to •- 

. Central Hectridty Board. some stoker-fired boilers was as high as 40V 

• ■ - [ 254 ] 
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Table 1 


Turbine plant 


Boiler plant 


Set capacity 

Number 
of sets 

Total n 

capacity 

MW 


MW 

1-25 

3 

3-75 

1-5 

3 

4-5 

1-875 

2 

3-75 

2-5 

1 

2-5 

3-0 

3 

9-0 

3-75 

9 

33-75 

4-15 

1 

4-15 

5-0 

9. 

45-0 

6-0 

4 

24-0 

7-0 

5 

35-0 

7-5 

8 

60-0 

10-0 

6 

60-0 

12-5 

1 

12-5 

15-0 

3 

45-0 

Total 

58 

342-9 

18 

1 

18-0 

20 

3 

60-0 

25 

3 

75-0 * 

30 

2 

60-0 ■ 

50 

1 

50-0 

Total 

10 

263-0 

20-0 

2 

40-0 

30-0 

5 

150-0 

37-5 . 

1 

37-5 

50-0 

1 

50*0 

Total 

9 

277-5 


Temperature 


°F 

650 

588-660 

650-700 

600 

588-700 

540-700 

532 

588-700 

532-750 

532-660 

550-700 

650-750 

588 

550-750 


725 

700-725 

725-800 

825 

800 


800 

825-850 

825 

800 


Average age 
and size 


17 years 
5*91 MW 


Boiler 

capacity 

Number of 
boilers 

Total 

capacity 

Temperature 

lb X 103 


lb X 103 

°F 

20 

20 

400 

538-650 

25 

12 

300 

488-638 

30 

10 

300 

600-700 

35 

27 

945 

538-750 

40 

13 

520 

585-740 

50 

6 

300 

600-750 

55 

1 

55 

650 

60 • 

4 

240 

650-700 

65 

2 

130 , 

650 

70 

2 

140 

538 

80 

3 

240 

570-650 

90 

• 2 

180 

600 

100 

2 

200 

730 

Total 

-- 

104 

3 950 



12 years 
26-3 MW 


3 years 
30- 8 MW 


Cooling-tower plant totals—60 MW in Group A only 


Average age 
and size 


18 years 
38 x 103 ib 


12 years 
122x103 lb 


820 

825-875 

825 

850 

850 


3 years 
164x103 lb 


Remainder—Sea or river water 


Powdered-fuel plant totals—Group A. 60 X ,10 3 lb/hr . 

Group B. 880 x 103 lb/hr * 
. Group C. 1 180 X 10 3 lb/hr 

Remainder—Chain-grate stokers 


Fig. 2 shows the average grading and approximate analysis of 
the fuel supplied in 1939 and 1942 respectively. The increase in 
fines and ash content is notable in 1942. 

* Unsuitability of fuel led to an increase in repairs and main¬ 
tenance, particularly on grates and brickwork. Ash plant also 
suffered owing to handling greater quantities of ash in an unspent 
# conditic*i. 

It seems appropriate to mention that the unsuitable fuels led 
to a loss of generating capacity estimated to vary between 10 % 
and 15%. • Based on the average capacity installed for 1942, 
i.e. 778 * 5 MW, the minimum daily loss ,was nearly 78 MW 
throughout the year. 

If the full outputs are to be obtained from the older boiler 
plant still in service, there would seem to be no alternative (except 
at the great expense of structural alterations to make them suit¬ 
able for burning low-grade fuels) to supplying them with the 
correct type and quality of fuel. 

.. •;;;•••• .' (4) THERMAL EFEICIENGY ' . 

The weighted average thermal efficiencies have been separated 
into two jgroups (Fig. 2). Both groups of plant, operating at 
pressures from 150 to 275 lb/in 2 and 300-600 lb/in 2 respectively, 
show a general Jfail over the period, although, as already seen, 
the actual average running plant load factors have increased and 
a general rise in thermal efficiency might have been antidpatbi. 
V/The greater partof the falling-off in thermal effi^ 
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attributed to the use of inferior coals. The remainder is probably 
due to the greater use of the older plant, particularly in the lower- 
pressiire group, which, being of higher steam consumption, de¬ 
pressed the combined thermal efficiency. 

The maximum probable efficiencies (sent out) to be expected 
from the stations in the lower-pressure group, assuming they were 
operated at about 80% running load factor, would be between 
16-15% and 21-85% approximately, according to upper and 
lower limits of operating pressures in the group. 

In the higher-pressure group operating between 300 and 
600 lb/in, the corresponding figure would be of the order of 
21-85% to 26-6%. 

The results achieved are believed to be the best that could be 
obtained with the running load factors and difficult conditions 
prevailing during the greater part of the period. 

(5) ANALYSIS OF BREAKDOWNS 
The original records were intended for assessing the gross Iia- 
bilitsr of breakdown, and in preparing Table 2 it has not been 
possible to separate subsidiary items. They have therefore been 
classified broadly into sections of plant affected. Space will not 
permit amplification and it is felt that such detail would hot be 
pertinent to the present investigation, although more studies of 
individual components would no doubt be welcomed by, and be 
of benefit to, the electricity supply industry. 

Each item has been dealt with by the engineers and manu¬ 
facturers, and from experience gained the improvements in 
quality of material and/or design will have been maH P where 
possible. 

Broadly, the majority of breakdowns were due to mechanical 
failures from fair wear and tear as distinct from faulty materials 
or design. ” 

Breakdown periods can be curtailed by ample supply of spare 
parts, adequate skilled repair staffs, and in particular by arranging 
for as many items as possible to be dealt with during the annual 
overhau! or other planned outage. Some incipient defects can 
be deferred until another item of associated plant needs attention 
in each year of operation a programme of major o verhauls is 
arranged to put the plant into running condition for the next 
12 months. If the overhaul is thorough and complete it is 
probable that many breakdowns will be avoided. 

The practice of renewing worn or doubtful parts depends 
argely upon the judgment of the engineers concerned; some will 
take a risk whereas others will make a replacement 

for 1 th T f arS under review the ou ^ge periods allowed 
ron^wv ° Ver u w 1 T re unav0ldabIy minimized, and the authors 
consider it probaWe that in some cases the repairs and overhauls 
were^curtafied as compared with more normal conditions. There 
W ^i^ US a tendency for more breakdowns than usual 
io ^ Sp f^ conditions may have been contributory 
w? i ^ brea ^owns, most of them were no doubt due to 
ffi^er loachng conditions, the effect of which is to bring forward 

fhrS fOT ° V ! rha ’ If Ms 03111101 be there is a risk of 
a breakdown, and on some types of plant a half-yearly inspection 
may be necessary. J F 

v' during 1942 the total number of breakdowns in all grouos 
amounted to 747, approximately two-thirds of which were due 

JP* b0lIer - utunliaries, and one-quarter to turbines 
each breakdown causing a loss of effective capacity. 

nfiifcit 1S a day duration curve, and neglecting breakdowns 
of less than one da y duration (when the turbine and boiler break- 

nWkT^T ^u^fr^ucutX this Figure shows that boiler 
pkmt is the predominating cause of loss of capacity. 

. The items recorded are the major ones, but man y of the Diant 

defects were dealt with by the station operating endneers before 
a loss of capacity was incurred. cujpneers peiore 


The daily total simultaneous breakdown figure varied from 
16*5 MW (minimum) to 167 MW (maximum). 

Table 2 is a summary and classification of causes of, break¬ 
downs under three groups of plant. 

Items 1-7 inclusive concern boiler plant and ancillaries, Items 
8-19 turbine plant and ancillaries, and Item 20 miscellaneous 
unclassified. 

The analysis has been examined from two points of view:_ 

(a) The effect of loading. 

(b) The incidence of breakdowns per unit of plant. 

All items would not be equally affected by higher and more 
continuous loading, and attention is drawn to the following:— 

(5.1) Item 2—Boiler Tubes, Drums and Ranges 
In plant Group A (150-275 lb/in 2 ) the breakdowns rose from 
12 in 1939 to 70 in 1942. With a total of 216 over the 5-year 
period, and 105 boilers installed on the average during that 
period, there were 2*06 breakdowns per boiler. 

In plant Group B the breakdowns rose from 6 in 1938 to 10 in 
1942, with a total of 46 breakdowns for the 5-year period. 
With an average of 25 boilers installed, there were 1 *84 break¬ 
downs per boiler. 

In plant Group C the number of breakdowns rose from 2 in 
1939 to 17 in 1942, with a total of 35 over the 4-year period. 
There were 3 * 5 breakdowns per boiler on an average of 10 boilers 
(entered as 4* 17 for 5 years). 

Group C shows the worst performance on the basis of break¬ 
downs per boiler; this may be to some extent due to “teething” 
troubles in new plant. 

(5.2) Item 3—Stokers and Brickwork 
By far the greater number of breakdowns on boiler plant fall € 
within this item, which accounts for some 30% of the total. 

There is a marked indication of the breakdown liability rising 
with increased loading in all the groups. 

The number of breakdowns per boiler in each group is notice- • 
ably similar, and it might have been expected that the newer 
boilers (as represented in Group C) would have shown a better 
performance. 


(5.3) Item 4—Economizers and Air-heaters 
It should be borne in mind that a large proportion of Group A 
boilers are not equipped with air-heaters, but Groups B and C 
are so equipped. Unfortunately, the further segregation into 
economizers and air-heaters separately cannot readily be made,* * 
but briefly it can be said that economizer troubles predominate 
m Group A, whilst in Groups B and C the economizer items are 
largely leakages and the air-heater items are “fouling.”^ As the r 
total number in this class represents under 5% of the whole, the 
two were combined, but experiences with air-heaters in recent 
years have indicated the necessity for recording them separately 
m future. 

(5.4) Item 6—Fans and Dampers 
This item ranks higher in the proportion of failures than would 
be expected, but it is conspicuous in the 5-year summary. The 
number of failures rose from 17 in 1938 to 97 in 1941. The com¬ 
bined influence of loading and state of the flue gases regarding 
entrained grits has resulted in a type of extensive erOsion of fan 
blades and casings not previously experienced. * * 

(5.5) Item 7—Stoker Drive 

a Jh< A J? reakdowns P er boiler are roughly the same m Groups 
~ Grou P C they are appreciably higher, largely owing 

to teething troubles. It will be noted that 15 boilers weffc com- 

% records available do not permit the sepaiatioa of pulverized-fuel 
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'Nu ibsr cf SeiiER Outages Less Than One D;y Ducajion ' 


•*-nu(iber i ifturiune Outages less than one dL ouuation 1 a ^ Items 18 19 Condensers 

r An appreciable proportion of break- 

_ | downs fall under Items 18 and < 19 . i t 

I /^hser CF bbiier OutagesJless than one dIy Duration --- wiU ^ observed Chat Group B has 3-9 

I T 1 breakdowns per condenser compared with 

3-2 in Group A. It is considered that, 

- L— 1 —L_J bac * the two groups been the same age’ 

; 1 ' ~1 h—--\-— Group B would have been still higher in 

j I relation to Group A, owing to higher 

! loadings. The failures in Group A were 

[___ I I [ partially due to age. 

| (5-7) Liability to Breakdown 

! Some derived figures in terms of units 

-- I I I I ■ j_I output and average value of a failure have 

1 P~j ~] r-—-- been computed to estimate the liability 

to rate of breakdown. During the whole 
P enod ^ average plant running load 

-- 1 I I factor was 66 %, rising from 56% in 1938 

1 "1 : —— t0 . 77 % in 1942, and for each 5-32 

. million units generated a failure of some 

, kind has occurred on a boiler, turbine or 

--J- 1—4 section of auxiliary plant. Main items of 

I I -- plant have incurred on the average a loss 

l . °f capacity by breakdown eveiy 4-63 

months. 

---- 4 —4 --—[—__ Fig. 4 is a graphical representation 

1 j ~1 * h— of selected items from Table 2, showing 

4 the average operating periods of freedom 

^Boilers from breakdown. The periods haVe been 

--4-—L-U_L—i— 4 —— deduced from the total breakdowns in 

1 4 1 - each class. Other indices may beherived" 

by careful analysis, and the information 
j may be of value to designers as well as 

-—---j _J_J _[_ [ operators in indicating the component 

0 f 1 which merits improvement in design or 

1 manufacture to achieve the best possible 

l 4 combined availability. Two sets of de- 

—4---U—4—4—4—_ . __ j rived figures appear in Table 2 a. 

\ j \ ( 6 ) AVAILABILITY OF PLANT 

! t Outages due to annual overhauls are 

*0 —j-V----—4-1 — 4 ___ 1 not . shown in Table 2. Taking all outage 

* . j \ periods into consideration, the annual 

! J) III availability of stations in the groups under 

t \ review is shown in Table 3. [The term 

30—1-4r-—-—J-L 4 ___ J “availability” is computed by means of 

j V H"- formula ( 1 ) in Section 7.8.] f 

> \ - M three groups of plant have been 

' 1 4 I I Ilf I I subjected to average loading diigher than 

20 f — —I r -t — I —-I_■ ■_ I j in past years. Owing to improvements in 

ji \ . ~ j design and manufacture, the more recent 

turbines V and the new plant would be expected 

\/ . \ I I to give a better availability than some of 

4 ~ —j- I —4 _____ • [ the older plant which has been in service 

4 0 c)4 I ~ for 15 to 20 years. The older plant has, 

® >» () T"-- : however, been kept in*good serviceable > 

j ® I‘ 4 --- 5 > 4 '. . I —y—~r r condition by suitable repairS and jnain- 

’2 4 - ft n 4g ~ij —4—I—4—j-- rrrrf 44 > tenance, and still gives a good^perfor- 

u ration OF Breakdown, PAYS: The dispersals of annual availabilities' 

■ 3. Analysis of plant breakdowns, 1942. '"v-kv. -■■■ fTe shown against average plant r unning 

mi^ioned in this group during the four yearn. ,One would not conclusion that faCt ° r in 1 Table 4 ’ M Vdat to the 

anticipate a continuance of stoker-drive troubles when aU the ranahwr • ^ lower-pressure plant of older desigh is in- 

new boilers had passed through the makers’ maintencm^ period Diant ?“ gber out P uts of the more modem 

. maintenance penod. plant over the 12 months without excessive loss of availability. 


TURBINES 

\/ 


0 ^ ^ ^ ^ 18 "zo 

duration of Breakdown, Days 
Fig. 3.—Analysis of plant breakdowns, 1942. 
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that better all-round re¬ 
sults might be achieved 
by suitable modifications. 
For example, the fitting of 
extra or improved draft 
regulation, soot-blowers or 
water-lancing equipment, 
or the improvement in de¬ 
sign of air-heaters, or 
possibly in some cases, 
their elimination. 

Such projects would be 
examined in the light of 
the proposed generation 
programme. 

(7) STANDARDS OF PER¬ 
FORMANCE AND AD¬ 
JUSTMENTS FOR RUN¬ 
NING CONDITIONS 

Standards of perfor¬ 
mance have risen con¬ 
siderably in recent years. 
This is conspicuous in 
single stations operating 


Table 2a 


Item 

Group A 

L.F. — 47-4% 

Group B . 
L.F. = 84-7% 

Group C 

L.F. = 88-7% 

• 

Turbines 

Boilers 

Turbines 

Boilers 

Turbines 

Boilers 

Output between 
breakdowns, 
kWh x 10* .. 

8-86 

3*63 

46*2 

16*0 

62*8 * 

* 

21*25 

Output per MW 
per breakdown, 
kWh X 10 6 .. 

1*5 

1*05 

1*76 

1*31 

2*03 

1*24 


The lower-pressure plant (Group A) installed before 1930 
(pressure 150-275 lb/in 2 ) of which there are 83 annual observa¬ 
tions, was designed to suit the load curves of the undertakings 
for the period when the annual load factors were of the order of 
30-40%. The weighted average performance of these stations 
was 71-8% availability at 47*4% load factor. 

Tta of plant, therefore, is better placed under Grid 

operation on a 1- or 2-shift cycle, which it usually fulfils. In this 
way it jus operated more nearly to its designed load factor and 
•gives annual availabilities comparable with the more modem 
plant. 

The avai^bility of plant installed between the years 1930 and 
1937 (Group B), of which there are 24 observations, relates to a 
period when 400- and 600-lb/in 2 plants were becoming more 
generally employed. At that time the performance of the new 
designs (in view of their higher pressures and temperatures) was 
open to question and it was thought that lower reliability might 
' result. ' . • v .• • . 

This plant gave 71** 5 % availability at 84 • 7 % load factor. 

The plan* installed after 1938 (Group C), of which there are 
also *24 station records, show still better performance, with 
weighted average availability of 79-9% at 88*7%. load factor. 
Boiler plant installed during this period was designed almost 
entirely ih accordance with a specified clause stipulating that 
aftef a 6 months’ period of commercial load the boiler should at 
full-load test slftw an efficiency within 3 % of the guarantee on 
stoker-fired boilers and within 2\% on pulverized-fuel boilers. > 

In Group A and a portion of Group B plant it is rec^gniz^i 


at two different pressures with plant differing in age by 10 years. 

Results in general, however, vary considerably between one 
station and another for many reasons, e.g. reliability or design 
embellishments which do not fulfil their early promise. There 
is also the varying skill with which operating staffs discharge their 
duties. 

The foregoing provides sufficient data, typical of general per¬ 
formances, to demonstrate the state of technique and perfor¬ 
mance between the three groups of plant under review. It is 
therefore possible to suggest standards of performance for each. 

Enhanced utilization of available heat drop, larger units of 
plant, invention, design and application of new instruments, 
better loading conditions and the skilled supervision and opera¬ 
tion of the modem plant, have focused most attention on the 
performance of the newer stations. The excellent results 
obtained in some of the ‘Tower-grade” stations is often over-, 
shadowed by the former. 

There is little doubt that in due course many of these lower- 
grade stations will be modernized with higher-grade plant, but 
meantime, although smaller than the more modem stations, 
their contribution to the generation requirements of the country 
is considerable and of great importance. It follows that a high 
standard of performance in their class is required. 4 % 

In the authors’ view, the “standard merit” of a generating 
station should include two factors, (a) the availability of the 
plant, and (b) the operating efficiency (as distinct from thermal 
efficiency), the product of these two results being regarded as 
representing the overall “standard merit” of the station per¬ 
formance. , 

In his Inaugural Address 1 before The Institution in October, 
1939, the President said “it is customary to express thermal 
efficiency as one overall figure, but as we are approaching the 
limiting ideal efficiency obtainable with steam generation, it 
might be well to separate out three factors—ideal efficiency, 
maximum plant efficiency and operating efficiency.” 

’^•The--ideal efficiency is calculable from steam and heat-drop 
tables and has been dealt with in papers and discussions of the 
various Institutions from time to time. In a discussion 2 before 
The Institution of Civil Engineers in June, 1938, a basis was 
described for calculating the ideal efficiency. The method was 
dealt with fully in a paper by J. F. Field. 3 

In the Thomas Hawkesley lecture 4 before The Institution of 
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Mechanical Engineers in January, 1940, a convenient method is 
described which takes account of 7 stages of feed-heating in 
finite stages of 50 deg. F rise. 

The figures derived by these alternative methods differ to a 
small degree, and the last-mentioned tends to give a slightly lower 
ideal efficiency than the former, which takes into account an in¬ 
finite number of stages of feed heating. For the authors’ pur¬ 
pose either method can be adopted. 

The method giving the lower ideal thermal efficiency has been 
chosen for the example, in preference, as one most simulating 
practical conditions. A system is then evolved by which com¬ 
parisons of actual thermal efficiency for any period can be mad e 
with a practical standard of maximum probable efficiency. 

The actual performance of plant compared with a proper 
standard in this way provides a basis for the analysis of the causes 
of deficiencies in plant performance. Whilst it is probable that 
such practice is already adopted by many stations, there appears 
to be no common standard method at present in use with which 
to make comparisons. * 

(7.1) Operating Efficiency 

It has not been usual practice in power station records or in 
published statistics, to indicate “operating efficiency.” It has 
been usual in the Electricity Commissioners’ returns to show 
amongst other things, details of operating costs and thermal 
efficiency With advancement in design of steam-raising plant 
using higher pressures and temperatures there is a considerable 
diversity of thermal performance efficiency. The older types of 
plant with their low thermal efficiencies may appear'to be a poor 
standard compared with the more modern plant operating at 
about 25-27% sent out. Nevertheless, they are showing a per¬ 
formance relatively as good as those operating at the higher * 
pressures. *• 

The authors consider that an additional factor should be 
brought into the records, namely the “operating efficiency.” 
This term has been defined as:— 

. Actual thermal efficiency . 

Maximum probable thermal efficiency 
In calculating the maximum probable efficiency of a generating 
station under its running conditions the following factors (a) to 

(e) should be taken into account:— 

(a) Steam pressure and temperature and feed-water tempera- 

ture. 

(b) Vacuum. 

(c) Overall efficiency ratio. 

(d) Running plant load factor. 

(e) Banking coal. .. * r 

Other operating conditions to be considered are:_ 

(f) Losses due to starting up. 0 

(g) Raising steam in banked boilers. - 

(h) Boiler plant brought up from cold. ' 

(j) Load-changes. * 

^ superheat and delayed boiler efficiency. 

(0 Effect of age of plant. 

JHf adjustments for the factors ( f ) to (/) inclusive, 

1f er much h^een stat >ons, has been found 
to be relatively small. * 

For instance, if claims are made for extra allowances (to 
account for adverse-conditions) it would be difficult to justify 
any adjustments exceeding the following:— 

(f) Starting up combined plant from cold 


if) Starting turbine only from cold 


7 cwt per MW of 
plant capacity 
0*5 cwt per MW 
of turbine capacity 
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(g) Raising to range pressure from banked 
condition (in addition to banking 
allowance) 

(h) Starting boiler only from cold 


(j) Load changes directed without notice 

(N.B. the load change is presumed to 
be 20% of boiler rating) 


(k) Adverse conditions at turbine stop 
valve, when loading from cold start 


(/) Ageing 


0*08 cwt per MW 
equivalent 

6*5 cwt per MW 
of capacity (evap¬ 
oration equivalent) 

Effect of reducing 

, 0*033C o/ 
target by — -g— % 

where C = number 
of such 
load 
changes 
H = running 
hours 

[see formula be¬ 
low (compute fuel 
equivalent as per 
extra rate)] 

Small and variable 
—recommend test. 


Formula for (k) above: R A — R T x —— _ ■ — 

if — 0-Q1N 

where Rj = normal heat rate, 

Ra — adverse heat rate. 
H = running hours. 

N — number of starts. 


Applied to an example for a curtailed running station where 
# the conditions were particularly adverse, the operation efficiency 
becomes 76-0% instead of 74*5% as returned by the proposed 
method. The extra fuel accounted for was 25*5 tons of a total 
consumption of 1 467 tons, the banking allowance being 136*5 
tons, i.e. the. banking allowance represents 84*3% of the total 
allowances. 

The authors are of the opinion that for comparative purposes 
items (/) to (/) can be neglected. Items (a) to (e) inclusive, how¬ 
ever, which may vary considerably between stations according to 
their operating conditions, need to be taken into account for 
equity. s 


_ Units generate d x 100 __ 

oa actor — 3 um (m.C.R. of each machine x its running hours) 

Load factor corrections have been computed for various tur¬ 
bine sizes (with appropriate boiler backing) and plotted in Fig. 5.* 
The formula used in this figure has been checked during accept¬ 
ance tests of plant. The discrepancy was found to be negligible 
for over half the scale and at no point did it exceed 2 %. * 

(7.6) ( e ) Banking 

All stations, whether 1-, 2- or 3-shift, incur banking losses; the 
banking of boilers is essential to the operating programme for 
reasons of security, and predominates in 1- and 2-shift stations. 

It would not seem equitable to debit such losses against station 
performances, and allowances of fuel are proposed for this 
purpose. For the older types of plant (Groups A and B) with 
inferior draught-control devices, the allowance suggested is 
0 • 5 cwt per 10 000-lb boiler capacity per hour of banking. 

For the more modem equipment, including powdered-fuel 
plant (Group C), the allowance would be 0*3 cwt per 10 000 
lb/hour, these figures being supported by tests. The allowances 
exceed the calculated radiation and stack loss and are based upon 
the differing efficiency of restoration of the lost heat. 

It is realized that banking practice is by no means uniform, 
depending as it does upon the type of furnaces and damper 
arrangements, fuel characteristics, etc., and it may be that the 
allowances are to the slight advantage of some stations. In 
determining the “actual thermal efficiency,” therefore, the bank¬ 
ing allowance (from the banking hours) should be deducted from 
the total coal consumed. 

(7.7) Routine Calculations 

The calculations are relatively simple and, once the basic data 
have been determined, are speedily done. 

(a) Ideal Efficiency. 

Obtained from curves and tables (Proceedings of The Institu¬ 
tion of Mechanical Engineers , 1940, 142, No. 4). 

(b) Efficiency Ratio. 

Obtained from Fig. 6 according to the year of installation 
of the plant. 


(7.2) {a) Heat Cycle—Steam Pressure and Temperature, etc. 

The “ideal efficiency” calculated is a theoretical one and does 
not take into account the actual boiler and turbine efficiencies 
obtained in practice. 

•*n 

• (7.3) (b) Vacuum 

The actual vacuum for which the plant is designed is employed 
in the mail?calculation. 

# (7.4) (c) Efficiency Ratio 

To account for boiler and turbine efficiencies an efficiency 
ratio is introduced. This is a multiple of the maximum boiler 
and turbine efficiencies achieved in past years. Fig. 6 gives the 
maximum attained efficiency ratio of plant according to the date 
of installation 

* * (7.5) {d) Load-Factor Correction 

The proper basis would appear to be the “running plant load 
factor.” The maximum efficiency of any plant would, accord¬ 
ing to design, be obtained only at maximum turbine and boiler 
efficiencies (usually about 80% of M.C.R.). 

To apply the correction to a station of various turbine sizes, 
the load factor is obtained as follows:— 


(c) Maximum Probable Efficiency (80% load factor). 

Ideal efficiency x Efficiency ratio * 

(d) Maximum Probable Efficiency corrected for Running Plant 

Load Factor. 

Item (c) x load-factor correction from Fig. 5. 

(e) Minimum Probable Heat Rate corrected for Running Plant 

Load Factor. 

3 412 X 100 

B.Th.U./kWh generated — Item 

(f) Steaming Coal. - 

Coal consumption — Banking coal (tons). 

(g) Actual Heat Rate. 

' Item (f) x Calorific value x 2 240 
B.Th.TJ./kWh galerated — -M mSgSSZZ 

(ft) 

Item (e) x 100 % 

Item (g) ’ 

* If the correction curve for a particular plant has been independently established 
it would be proper to substitute it, but for the sake of uniformity and for those 
cases in which the corrections are unknown. Fig. 5 is offered as providing data 

sufficiently accurate for the purpose required. 
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Monthly Station Operating Efficiency 


1. Total machine capacity-hours, sum (M.C.R. of each machine x its running 

hours) 

2. Total machine running-hours .... .. .. ...... 

3. Equivalent singlegenerator (average turbine capacity for Fig. 5) Item 1/Item 2 

4. Total units generated . 

5. Running load factor, (Item 4 X 100)/Item 1 .. .. . 

6. Load-factor correction (Fig. 5 and Items 3 and 5). 

7. Maximum probable efficiency (constant) .. .. .. 


H.P. Section L.P. section (a) 


MWh 

MWh 

hours 

hours 

.MW _ 

.MW 

_MWh ' _ 

MWh 


0/ 

.% — 

/n 


°/o 


% 


8. Target efficiency, Item 7 x Item 6 .. .. .. ..-% 

9. Target heat rate, (3 412 X 100)/Item 8 .. .. .. .. • • • • —---B.Th.U./kWh 

10. Combined target heat rate, (Item 9 X Item 4) + (Item 9 a x Item 4a)/(Item 4 + Item 4a) -- 

11. Total fuel consumed .. .. .. . • • • • — * * - 

12. Total boiler capacity-hours banked (I) “Modern” blrs. =___lb-hrxlO 3 . (II) “Old 5 blrs.= 

13. Banking allowance, (Item 12 (I) x 1*5/1 000) 4* (Item 12 (II) x 2*5/1 000) • • .. --— 


14. Steaming coal. Item 11 — Item 13 c .. .. 

15. Actual heat rate (Item 14 x 2 240 x C.V. of fuel)/(Item 4 -f Item 4a) 

16. * Operating efficiency. Item 10/Item 15 .. .. 


If h.p. and l.p. fuel can be separated, Items 11 to 16 
can be calculated independently for each pressure in 
addition to the combined figure. . 

Return for month of_ 


19 _ 


__B.Tb U./kWh 

B.Th.U./kWh 

tons 

_lb-hr X 10 3 : 

tons 

tons 

B.Th.U./kWh 

% 


Station. 
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Fig. 6.—Overall efficiency ratio. 


Items (a)-(e) above are fixed for each type of plant, and once 
they have been determined they form the basic data on which 
routine calSulations are made. * 

Tatfle 4 is the type of schedule which can be used for preparing 
operating efficiency data monthly for a station with two pressures. 

Fig. 7 shows the monthly operating efficiencies of a group 
of stations for the year 1942. Calculations for all subsidiary 

items, except banking coal, have been excluded. 

Soffie of the irregularity in these results is due to inaccurate 
coal measurement. The variable results are worth- further 
consideration; and it is recommended that the causes of a decline 


from “maximum probable efficiency” should 
be analysed (see Appendix, formulae 7-10a). 

Table 5 is an example of the probable 
items which would cause a decline in opera¬ 
ting efficiency. Values have been allocated 
to some of them and the effects are sum¬ 
marized in Table 6, which gives alternative 
segregations. 

The value to operating staffs of preparing 
a schedule of items for constant observation 
is apparent if improvements in performance 
are to be sought. To be kept constantly 
advised of all deficiencies without special 
tests and calculations would peed more 
instruments than are readily available in all 
stations to-day, and there is yet much to be 
done in this direction to aid the efficiency 
and combustion engineer. 

It may be that structural alterations to boilers or other sections 
of the plant are indicated, the cost of which should then be 
balanced against the value of the gain in operating efficiency (see 
Toimulae 2 and 3). Correct analysis of the causes of the de¬ 
ficiency is the first step to better performance (see Table 5, also 
formulae 7-10a in Appendix). 

(7.8) Maximum Probable Availability 
The importance of high availability lies chiefly in the saving of 
overhead costs. High availabilities which can be relied upon w^ 
m^M total plant capacity will suffice for the load. 
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With plant costs at £25 per 
kW, 1 kW improvement in avail¬ 
ability* at approximately 12 % 
p.a. represents a saving of £3 
per annum in capital charges, 
staffing, maintenance, rates man¬ 
agement and insurance which 
would be incurred if the equi¬ 
valent new capacity were in¬ 
stalled.' In the Central Elec¬ 
tricity Board’s generation 
programme, low availability of 
high-efficiency or high-merit 
plant having low heat costs 
incurs additional fuel costs 
owing to the transference of 
load to much lower-grade plant. 
Any advance in availability is 
therefore well worth striving for. 

Not only does it improve the 
overall economic production 
cost but it must also eventually 
react beneficially upon all con¬ 
sumers and industry. 

The percentage availability of 
a station may be calculated by 
the following formula:— 

- Cg. m . + Cp.m.) (for 52 

728 Ci 

weeks) • • • 0) 

where * C a , m , = average capacity 
available be¬ 
tween 6 a.m. 
and 1 p.m. 
each day 

C p ,m. = average capacity 
available be¬ 
tween 2 p.m. 
and midnight 
each day 

and Q = average capacity 
installed. 

Thus in the formula for one 
week qply, the denominator 
•becomes 14Q. 

The night period from mid¬ 
night to 6«a.m. and the lunch 
hour are excluded to ensure that 
if the plant availability coincides 
with the demand, full credit is 
shown in the result. There may 
be some slight advantage in this 
method to those stations having 
plant operating for one or two 
shifts only *as compared with 
those* ftpning three shifts with 
well-loaded plant. To a small 
degree, it would enable minor 
adjustments to be made to grate 
mechanisms, steam joints, etc., 
and tend to prevent outages 
during the critical load period of 
the day. There is no objection, 



Fig. 7.—Station monthly operating efficiencies for 1942. 




266 


BILES AND MAXFIELD: STANDARDS OF PERFORMANCE OF GENERATING PLANT, BASED ON 


Table 6 



Thermal efficiency 
points 

Operating efficiency 
points 

Present condition .. 
Eliminate “operation” causes 
Eliminate “fuel” causes 
Eliminate “maintenance” 
causes 

% % 
18-24 

3-46 

1-3 

1 1*0 5-76 

% % 

76 

14*2 

5-8 

4-0 24 

24-0 

100 

Present condition .. 
Corrected furnace conditions 
Other boiler-house conditions 
Corrected turbine-house con¬ 
ditions . 

18-24 

2-32 

2-34 

M0 5-76 

76 

9-65 

9-75 

4-60 24 

24-0 

100 


400 a nZnnST d ? r the h ® her operating pressures of 300 
400 and 600lb/m\ and on account of its high thermal efficiency 
was operated on 3 shifts and base loads emciency 

J^T Se a ?“ ies achieved b y thk plant at running load 
factors between 50 and 90% are on a par with the lower-pressure 
plant but are achieved at higher loadings 

Since 1938 and during the 5-year period under review further 
plant was installed for 300, 400 and 6001b/in* but of improved 
design The average availability achieved by it is still better than 
that achieved by plant working at similar pressures and installed 

SWtKS Z “ 1937 <—■» —^5 

To determine the maximum standard of performance for each 

Fig 1 ? an P the n curve^ St S™* bave been shown in 

Fig. 8, all the curves being asymptotic at 90% availability. These 


On the other hand, base-load stations with high load factors 

a^bfvh a lg ?^ Sk * arranglng tbe,r maintenance work to keep 

m^dera ntot b emLd Ut ^ ** advanta S e at Present of more 
lability emb ° dymg lmprov ements designed for such high 

over-boilered or over-turbined stations (excess kW capacity 
of turbines over boilers, or vice versa) it is considered that the 
availability should be calculated on the basis of the higher kW 
capacity, otherwise they would have an advantage over those with 
balanceti plant capacities, in achieving high avaUabffity pai 
ticularly in over-boilered stations. aonity, par 

it woulTh?^ Standa ^ ds of availability, in the authors’ opinion 
mZ 90*/"S- bte *» "W annual aiagas 

te OTt W01lld a “° w a “ Plant in the station to 

R ® ; ? * ? f ° an aver age period of approximately 5i weeks 
Boder plant needs an annual overhaul period of fromVt weeks 

S on ,r?^ s ™ e r AssumiSS^'S 

fe S to , ™ B “ ,h, “ » Httle over a lbSSgS 

is left to deal with minor outages on each 

siomdl? a tend 1 ^ 7 °> mayn °^ require longer, and there is occa- 
-£ *£‘ de “ y *> «“ “‘“>”1” on a turbine if i, i s 

nP^ 0r a breakd0WnS of pIant are bkely to occupy much lonaer 

Lwever b P e er imnmn POD t the “S"* ° f the brea kdoJn. It would, 
down« if ^proper to make allowances for major break- 
downs if companions of overall performance are to be made 

major fetjfcSjj? ^“ ° P ^f **, ^ never suffered 

is tSdtr^yltaS’ SdJb 3S th naUy ***** than this ’ 
Propose it as one siSS S^S 8 ?t would h^ 8 

Sr^t^StoadSo? Plant t0 ** 

-blS^^^^J^^brtdesigned and installed 

only for ehortStf t£"^,." P0 " “ «*> «*« 

The average availability 'of this type of plant ft. th. «v * 

all the plant installed in the years 1930 to 1937 in- 


JU — - 
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Fig. 8 

Load factor should be calculated ou available plant if greater than running plant. 

curves ate considered to be good standards of reference for the 

S Value r “ df ™ m the appropriate 
curve and expressed as a percentage of it, the resultant figure can 
^ as a factor in the “standard meni” of pSm^S 


(8) VALLE OF INCREMENT OF OPERATING EFFICIENCY 
Considerable saving in fuel can be achieved by improvements 
m operating efficiency on high thermal-efficiency plant but there 
re greater savings to be obtained for a given output bV" similar 
improvements on the lower-thermal-efficS? P ?ant ^ 

The monetary gain G can be expressed by the formula:— 

,G = 1 61 ^ c /C°P 2 - Q>i) 

in which VpQPiOp 2 . r . 

_ r r 

C = £ sterling saved per MW of running plant 
vv & average .kW of running plant in the 

C/ == fuel cost, in shillings per ton ' « 

71 = M dSJ. f 0bable tbeam effic iency f expressed as a 
Z> = calorific value, , : ; 


( 2 ). 
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Opi = lower operating efficiency expressed as a percentage. 

Op 2 = higher operating efficiency expressed as a percentage. 

# (8.1) Value of Increment of Availability 

• 

Persistent low availability of plant would incur extensions to 
total plant capacity for a given load. This would involve addi¬ 
tional capital charges, staffing and maintenance costs, rates, 
management and insurance, which can be expressed in the 
following formula:— 

„ 10Q(/C + F) ■ 

O =-—-per cent .... (3) 

c 

where O — overheads. 

I = capital charge expressed as a decimal. 

C = capital cost per kW of new plant. 

F= fixed charges per kW in £ per annum for manage¬ 
ment, rates, wages, insurance, repairs, main¬ 
tenance, oil, water and stores. 

-The cost in £ per MW per annum per 1 % availability is 

0-1 CO . ..... . (4) 

Comparing the respective savings to be made by availability 
and operating* efficiency, it is often true that the higher savings 
are made per point increment in operating efficiency, particularly 
where this is low. It may appear that gains in operating effi¬ 
ciency are preferable to gains in availability and encourage such 
gain at the expense of availability. The authors, however, con¬ 
sider that high availability is of first importance. If it is low the 
total possible gains by improvement in operating efficiency will 
suffer. This applies particularly where a group of stations are 
operated on a merit order of fuel cost. Gains in availability at 
' m the superior stations will be a double saving and will in some 
* cases exceed the gains due to similar improvements in operating 
efficiency in the group. 

Modifications to plant in order to give better availability may 
incidentally result in improved operating efficiency. 

The relation may be investigated by:— 

» _ Operating efficiency saving 
~~~ a 10 Availability saving 
_ 761 • 6LC f (Op 2 -Op t ) (5) 

y}DO Pi Op 2 pQC + F) ' * ‘ ‘ ’ 

where p = points improvement in availability. * 

Symbols are as before. Thus if R < 1 the availability saving 
predominates, and vice versa. Although each entity can be 
treated singly (to ascertain what conditions yield the maximum 
total gam), it is of value to identify the predominant gain. 

(9) STANDARD MERIT 

Maximum probable availability curves have been proposed in 
Fig. 8 for three groups of plant, based upon the actual results 
obtained in practice over the past 5 years. 

The method of calculating the operating efficiency with allow¬ 
ances for running conditions has also been described. These 
are the two principal factors on which generating plant perfor¬ 
mance is judged. It would seem logical, therefore, to combine 
them into an overall factor of performance, and for the want of a 
better term 4he authors have called it “standard merit.” 

“Standard merit” is expressed in the following ratio:—• 

Operating efficiency x Actual availability 
Maximum probable availability 


rj a = actual thermal efficiency, % (after allowing for 
banking) 

Hi = heat expended per kWh, B.Th.U. yPearce 
H u — usable heat per lb of steam, B.Th.U. j Method 
X — overall efficiency ratio, % 

Klf — load-factor correction, decimal. (Fig. 5) 

Typical data used for this calculation are also provided in the 
nomogram, Fig. 10, referred to in the Appendix. 

(10) CONCLUSIONS 

(a) Pre-1930 plant should not be operated at above 45% 
average running plant load factor if good availability is to be 
consistently maintained. 

(b) Marked improvements are to be noted in availability of the 
most recent plant installed since 1938 at 80% average running 
plant load factor. 

(i c ) The lower breakdown rate per plant item of the pre-1930 
group is notable when compared with that of the later plant groups. 

( d ) Good quality and grading of fuel supplies is needed, par¬ 
ticularly for the pre-1930 plant, if maximum outputs are to be 
obtained. 

(e) With larger units of plant, greater outputs between break¬ 
downs have been possible, but it is not safe to conclude that 
larger units still would be to the general benefit of the supply 
industry. Size of unit required is related to the load curves and 
security needs. 

(/) To obtain details of failures is not a straightforward matter 
at the present time. If they were systematically recorded and 
collected, afterwards to be openly discussed and/or published, 
it would be to the benefit of the electric supply industry. 

(g) Maximum probable availability proposed for each class of 
plant is a useful guide to the performance that can be achieved. 
Until a wider field has been scrutinized, it is advocated that the 
curves submitted, which are representative of actual performance, 
should be adopted. 

(h) Maximum probable efficiencies are determinable by the 
method described, and can be uniformly applied. 

O’) Operating efficiencies made more prominent in station 
records would be to the benefit of all concerned. The figures 
should be obtained after due allowances have been made for 
varying running conditions. The authors consider that no 
adjustment other than for running plant load factor and banking 
coal, is worth considering, although most effects have been 
rigorously investigated. 

. (k) High availability of plant ranks first in importance, for it 
entails correspondingly greater total gains in operating efficiency. 

(/) Overall performance of a station can be judged by reference 
to its availability and operating efficiency. It is suggested that 
the two factors be combined to give “standard merit.” All 
classes of station alike will then get due recognition of their 
performances. 

(m) High standard merit will be dependent mostly upon 
good administration, sound engineering practice and effective 
co-operation amongst all concerned. 
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(13) APPENDIX—WORKED EXAMPLES AND NOMOGRAMS 
(13.1) Examples 

(13.1.1) Example 1 (Operating Efficiency). Three-Shift Base-Load 
Station. 

Station A. Week ending Friday, 5th February, 1943. 

Ideal efficiency for 300 lb/in 2 , 800° F, 280° F feed-water tem¬ 
perature and 29 • 0 in vacuum = 39 • 5 %. 

f 2-20 MW sets of 1929' 

1-50 MW set of 1930 | 

1-50 MW set of 1938 
I weighted average com¬ 
missioning date—1934 
Maximum probable efficiency = 24*9 % 
at heat rate of 13 700 B.Th.U./kWh generated. 

Running Hours . 

20 MW for 134| hours = 2 690 MWh 
50 MW for 168 hours = 8 400 MWh 
50 MW for 168 houfs - 8 400 MWh 


Efficiency ratio for 


!> = 63% 


(a) Total plant MWh = 19 490 

Units generated ~ 16 717 MWh 

(b) Running plant load factor = = 85 • 8 %- 

(c) Load-factor correction — unity. 

id) Maximum probable efficiency at running plant load factor 

- 24*9% (heat rate 13 700) 

Coal consumed 8 593 tons. Calorific value 12 520 B.Th.U./lb 
(e) Estimated lb-hours of boilers banked = 7 840 x 10 3 
(/) Coal at 0 * 025 ton per 10 000 lb/hour = 20 tons 

(g) Steaming coal = 8 593 — 20 = 8 573 tons 

(h) Actual heat rate = 14 350 B.Th.U./kWh generated 

13 700 

(0 Operating efficiency = = 95 • 47 % 

In this example the only allowance taken into account is the 
banking coal. 

(13.1.2) Example 2. v Two-Slnft Peak-Load Station (March, 1943). 
Station B. (Curtailed running.) , 

Basic heat rate 18 500 B.Th.U./kWh 
Units generated for month 1 343 000 
Coal consumed 1 467 tons 
Hours on load 340 (105 load steps) 


Turbines 

Hours run 

Units generated 

Times run up 

3 000 k W 

8 

13 000 

L.' 

5 000 k\V 

140 

335 000 

9 

7 000 kW 

275 

995 000 

26 

= 2 649 000 kWh capacity. 

1 343 000 = 50-7% load factor 






Boilers 

Hours run 

Hours banked 

Raised from 
cold 

40 000 lb/hr) 

139 

o 413 

r 

1 

40 000lb/hr V 3*2 MW 

48 

113 

0 

40 000 ib/hrj each 

155 

258 

0 

60 000 lb/hr 5 MW 

252 

338 

2 

20 000 lb/hr 2 MW .. 

8 

— 

1 

Banking allowance for above = 
Total allowances 

■= 136-5 tons 
~ 162 tons 



True Loading Coal . 


1 467 - 162 = 1 305 tons 


Actual Operating Efficiency Heat Rate. 

1 305 X 12 500 x 2 240 
1 343 000 

Operating Efficiency . 

Basic heat rate adjusted 


= 27 208 


20 670 


Actual operating efficiency heat rate 27 208 


- 75*97% 


All the allowances described except deterioration have been 
taken into consideration. 

Had the operating efficiency been computed by the abbre¬ 
viated method, the only figuring required would be:— 


18 500 
0*895 : 

28*(1 467 — 136*5) 


1*343 


20 670 (correction for load factor) 

= 27 739 (actual net heat rate) 


20 670 
27739 


= 74*52, i.e. only 1*45 points lower than by ultimate 


method, whilst avoiding all the calculations which serve only to 
inflate the allowances by 25*5 tons (136*5 tons allowed for bank¬ 
ing only). 

(13.2) Nomograms 

(13.2.1) Relative Values of Availability and Operating Efficiency. 

The nomogram, Fig. 9, will determine conditions under which 
the value of 1% gain in operating efficiency from 99 to 100% 
equals 1 % gain in availability; e.g. when the coal price is 26s. 
per ton, load factor 57%, capital cost £20 per kW, overhead 
charges 13%, maximum probable efficiency 28%, Similarly 
when capital costs, overheads and maximum probable efficiency 
are unchanged, and when coal is 40s. per ton, the ratio wiljL 
be unity only when the load factor is 36%. Further examples 
of the relationship between the two factors are shown by the 
position of the cursors, the sequential, position of vChich will be 
self-explanatory. 

The gain obtainable from 99 to 100 % operating efficiency, as 
given by Fig. 9, supplies a datum from which other short-cut 
calculations may be made, thus:— 

If it be required to assess the gain for any number of points 
from lower down the scale it is necessary to apply the following 
adjustment . 

= \ r"(6a) 

OPiOPz 

where Gop x op 2 = total gain in £ per annum per running MW 
by raising from op x to op 2 . 

G = gain in £ per annum per gunning MW by 
raising operating efficiency one ifbint as 
per middle scale of nomogram. 

* 28, is a coal constant when calorific value » 12 500. 
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MAX. PROBABLE AVAILABILITY (A m ) 

SO 70 80 90 



■ 

TEMR 

VAC. 

Bffii 

■Bala 


IQ 


lb/ in 2 

190 

OF 

550 



390 

1207 

32.3 



28*5 

130 

389 

1196 

32-5 



28.5 

ISO 

436 

1252 

34-8 

300 

800 

29 

280 

463 

1171 

39-5 

400 

800 

29 

240 

488 

1207 

404 

600 

850 

29 

340 

491 

1124 

437 


- ^?68^REGENERATIVE cycle 
•ir40% 


/(IDEM-) 


30% ^ 

•f 29*27% 


I -9 -8 7 

L.F. CORRECTION,^) 

( FROM FIG. 5 ) 


BASIC 

CONDITION 


1124 

H< i n|m i |t i n|i i ii|im| . 



1000 1100 1200 1300 1400- 
Hi (PEARCE) 


Fig. 10.- Nomogram for “standard merit’ 1 


100 AgrjaHi 

dfriXHuKLF 


3 t°° F feed temperature, fixing H u at 491 ai 
Hi f- 1 124: No. 2 position retains 491 and 1 124 as constar 
and corrects for 67% overall efficiency ratio, giving 29-27 V 
Probable efficiency at 80% load factor: No. 3 posiffi 
'JSSE !°. d if Ct0r l ( ® rst rea ? fr °m curves in Fig. 


°Pi = the lower operating efficiency. 

°Pi — the higher operating efficiency. 

Similar adjustments are needed for R in Fig. 9 . 

SSSSSSrs 

mmgmm psrsssii 

availability, finally gives ffie standard mirit imum Probable and maximum probable availability, indicating 
The calculation can be identified by the sequence numbers W • T *2.i5S merit is 66-7 % * the maximi 

. entered mffie semicircle on the cross hair-line cursor E^NoT m ^ 90%, and 

position gives the ideal efficiency obtainable from lb/^ ^ ^ ment is 75% if the maximum prob* 
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(13.3) Formulae for Assessment of Thermal Gains in Terms of 
Operating Efficiency Points, and vice versa 
Equal increments of operating efficiency yield equal incre¬ 
ments of thermal efficiency. The relationship of increment of 
operating efficiency to saving on fuel account, however, obeys 
the formula:— 

Points gained 

/ Actual heat rate _A ^ 

= Actual heat rate - B.Th.U. saved per kWH ) 

when Op x = the lower operating efficiency and the “B.Th.U. 
saved per kWh” determines the absolute saving. 

If it be desired to find the B.Th.U. gained per kWh corre¬ 
sponding to any number of points, substitute the number of 
points for P in the formula 

Gain = 77,(1® 

where H x = heat rate under condition Op v 

P __ number of points increment in operating effi¬ 
ciency, 

Op x = initial operating efficiency. 

This formula holds good whether applied for small increments 
or for the total gains attributable to improving the operation 

efficiency from Op x to 100%. . 

To compare equal increments on the operating efficiency scale 
when these are on different parts of the scale, e.g. between Op x 
and Op 2 on the upper part, and Op 3 and Op A on the lower part 
(where Op 2 — Op\ = Op A — Op 3 ) 


the ratio 


Although increments in points are equal the upper gain 

= (Op 2 -QPiWi g.Th.U./kWh . • • (1°) 

Op 2 

whilst the lower gain 

= (°p 4 - OPi)Hi B.Th.U./kWh . • (10a) 

OP 4 

where H, is the heat rate under condition Op 3 . 

The ratio (10)/(10a) leads to the more explicit ratio (9). 

(13.4) Example in the Calculation of G 

(a) Absolutely, by formula (2). 

(i>) By use of nomogram (Fig. 9). 

A 60-MW station having a maxtoum probable efficiency of 

25 V raises its operating efficiency from 85 / 0 to 90 / 0 . Th 
cosfnS. person, cflorific value 12 500 B.Th.U./lb, runnmg 

load factor 66-7%. 

60 X 7 616 X 5 843 X 35 X 5 

By formula G = 0 . 2 5 x 12 500 X 85 x 90” 

= £19545 

By nomogram the datum gain = £49 • 5 

r 49-5 x 60 X 5 x 9 900 ^ sge f ormu i a 6a) 
G== “ 85x90 

= £19 200 

The latter method merely applies multipliers for 

(a) MW of plant (60) _ 

(b) Number of points increment (90 - 85) ^ 

(c) Position of increment on the scale 9 900/(85 X 90) 

and yields a result sufficiently near for practical purposes. 


' (see formula 6a) 


(c) rosiuou ui mwwuwuv - 

u pper ga m = . . . (9) d ields a resu lt sufficiently near for practical purposes. 

lower gam Op x Op 2 ai 

DISCUSSION BEFORE THE INSTITUTION, 3RD FEBRUARY, 1944 

Mr. J. R. Beard: Papers have been read before The Institution ^^^j^^^g^s^o^one of the factors which enter into 
describing new power stations or the ^ign of power^tatmn -SSS cost, this of course being the 

plant, but I think a paper such as this, dealing with operating per- of power generation. Its effect m increasing 

formancefrom a statistical aspect, is a new departure. Jothepa efficiencies has been most marked and proves the great 

there has been far too much tendency m this cpuntry to camou- “OTMl Qf publishe d data. Such competition has, 

flage operating troubles, and far too little freedom m discussing P undoubtedly tended to encourage this increase without 

and comparing operating methods and results. The ene full reeard for all the other factors affecting total cost, such as 

be gained from a freer interchange of expenen«.and yiewsare a ^ va fl ab iUty. It needs, therefore, to ^ supple 

very great, whether we are designers, manufacturers *P mented by comparative data relating to these other factors^ 

The importance of these benefits to our natmnal economy is meate J J operat ing efficiency, the authors make an 

also very marked. In 1938-39, the last year for which figures are in ae ung „ ,* ratio of the 


also very nuurked. In 1938-39, the last year for wffi^esarj 

available, the annual working cost ofpower gen^abom f ^ efficiency t p the maximum possible thei^leffi- 


public supply in.tto country was £19-5 million, of which three- 
quarters was for coal. At the present time output is some 
50 per ceht greater while the cost of coal has practical^ doub ed 
so that station operators are now responsib e for the efficient 
utilization of some £30000000 worth of coal. The capital in 
vested in generating plant.is some 


SSSto the maximum possible thermal^fi- 
ciency based on turbine and boiler guaranteed efficiencies. They 
make the denominator the probable thermal 
eliminate losses of efficiency outside the control of the operators, 
and so to give a more direct measure of the effiaency of the 

ooerating staff This has much in its favour. They appear, 
operating siau. , . _^1^ and blow-down. 


is some £200 millions, onAvhichcapffal ipe losses and Blow-down, 

charges must be paid. Even slight improvements in effici y b] off ’ and SU ndry leakages in their uncontrollable losses, which 
of operation or in availability of plant therefore represent very >low off and ^ ? also difficult to see why the magnitude 

Spurns of mow. I hope this papor wiU bo fororomm, « * rigidly apohmrf to 

of many, others of a similar kmd. flr , tm i in which the plant was commissioned, as is done lnFig-o- W 8 /' 

i Jook upon the authors’ proposals as only a first step m in ^ vitiate d by variation m coal quality, 

arriving at methods of sufficient accuracy to justify M ni^criticism is of the part dealing with availability, where 

They are, however, valuable in that they get down to u . tb au thors’ views are most controversial, especially their sug- 
tals. This is most important if full advantage is to be tak . Secboll 7,3 that when the kW capacity of the boiler 

from the competition engendered by pubUshed^ statistical qom- ® Jant i$than that of the turbine plant in a staff on, or vice 
parisons. A* an example, consider the Electoa^ Comnu P ^ aV ailabffity should be calculated on the basis of the 

sioners’ comparison of the thermal efficiency o p • b j^ r jjW capacity of the two. , . 

This arouses wide interest and has stimulated much competition higher kw cap 
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[flOUS tTiof tPiAoa 4.: _...t* i , , - . 


m 


It is a curious argument that those stations in which extra 
•capital has been invested in spare boiler-plant should be deprived 
ot the advantage of, or credit for, the extra availability which 
has thus been obtained. The authors appear to take the line 
that the ideal is for the maximum kW capacities of the boiler 
plant and the turbine plant to be the same. This may become 
possible m the future, but for the present it must be accepted that 
oiler availability cannot be equal to turbine availability. 
Therefore, it is desirable to make the kW capacity of the boiler 
plant greater than that of the turbine plant; a spare boiler in 
six, for example, is a profitable form of investment because it 
improves the average available capacity of the plant as a whole. 
It will be noticed in Table 1 that in Group C, consisting of plant 
installed since 1938, the total turbine capacity is 277-5 MW 
while the total boiler capacity is only 246 MW on the reasonable 

S lon .° 10 lb °J ^ hour per kW. I suggest that 
this under-boilenng of the recent stations is possibly one of the 
reasons why the average available plant capacity shown in Fig 1 
has not increased since 1940. Incidentally the authors say that 
thus fact prompted them to make a study of operation records, but 
I cannot find any direct explanation in the paper of why the 
average available capacity did not increase during those years 
I was puzzled by equation ( 1 ) in Section 7 . 8 . Presumably 
a , a*"- are mrtthe average capacities available, but the 

^deration ThT 8e ^ y CaP3CitieS for the P eri od under con¬ 
sideration. The authors appear to consider availability on a 

yearly basis, but this is misleading and it should be based on the 
, hree winter months when the plant capacity is really needed; if 
at a higher maximum figure than 90 per cent. 
This can be obtained if maintenance programmes are properly 

spread over a period of lower demand P P y 

«iSj V H With * C ;f I ^ derable “Wing the authors’ proposed 
^standard merit. It seems to be a very artificial product of two 

entirely separate matters. I agree that enough attention is not 

naraiM avaiablllty ; but 1 would prefer to see this done by keeping 
parallel records of operating efficiency and availabffitf rather 
than bjrany attempt at an all-embracing figure. 

Mr. J. D. Peattie: In their own area the authors have alreariv 
een successful in ^stimulating interest in generating-station 

if itaron^Pnih ailablIity ' This paper wiU be well worth while 
if it arouses enthusiasm over a still wider area 

They review the records of a fraction of the generating nlant 

operating under the direction of the C.E.B. This fraction^ less 

thevffide^nd K not nece ssarily a fully representative sample of 
the whole, and care must be exercised in drawing general con 

elusions from the results quoted in the paper 8 Q ' 

ceS^^ 1 !^?^ 01 ^ on . <* ua lity and suitabihty of coal are 
certainly of general application, During the last 

generating station engineers have had to fa£ g/eatly^creased 

ffifSofe andvarying qu^ty Of coal supplied. On 
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Failing this the only basis which provides for the number of feed- 
heating stages is the paper referred to. 

In Table 5 an analysis is made of the uncontrollable sources 
of inefficiency in combustion. It is a very interesting comment 
on the closeness of design of boiler equipment that more direct 
reference is not made by the authors to excess air as a source of 
low combustion efficiency. Do the. authors think that in the 
present stage of development of the design and operation of 
steam-generating plant it is unnecessary to underline the desira¬ 
bility of avoiding excess air, or do they consider that the quest 
of high C 0 2 may result in high combustion efficiency at the 
expense of heavy maintenance of stokers and settings? 

Mr. H. V. Pugh: Being connected with one of the stations under 
review in the paper, I can confirm that much success has been 
obtained in the area by the methods described. The authors and 
those associated with them have had to deal with a large number 
of small, but geographically important, stations, for in the area 
concerned there are only three power stations with an installed 
capacity of over 100 MW. Table 1 includes no fewer than 48 
generating units of 7 • 5-MW capacity or less. The authors’ aim 
was to produce a method of comparison which would enable the 
operators in smaller stations to compare their results with those 
achieved in the bigger modern stations. , 

In Section 3 they point out that the quality of coal has de¬ 
teriorated. Last month, for instance, in one station about 
47 000 tons of coal were burnt and these consisted of 47 different 
varieties. The ash content varied from about 9 % to 28 %, and 

the volatiles from 10 % to 21 %. ' , 

On the question of availability, with boilers first put into 
commission—four in 1925 and four in 1927, comprising 60000 
lb/hr units served by three grates—we have obtained availabilities 
’ f or th e last three years—1941 to 1943—of 91'15%, 90-98% 
and 89-65 % respectively. At the same time, with a mote 
modem design of pulverized-fuel-fired boilers of 182 000 -lb/hr 
capacity, it has been possible during the same years to keep up 
an average availability of more than 92 / 0 . While design has a 
great influence on the availability and the efficiency of plant, 
much credit is due to the power-station staffs when both good 
availability and high efficiency are obtained even with new plant. 

The authors refer in Section 7 to skilled supervision. We 
must change our ideas about recruiting power-station staffs, and 
u tilizin g their services after years on shift work. When a charge 
engineer reaches the age of 50 he should be taken off shift, and 
his knowledge and experience used with considerable advantage 
to the proper maintenance of plant, by putting him on special 
studies of lubrication, water treatment and other items which 
require closer supervision than they at present receive. ^ 

• A shift charge engineer in any of our stations may, with his 
colleagues, be responsible for the efficient combustion of over 
500 000 tqps of coal per annum; and everything should be done 
to keep these men fresh and keen at their work, particularly by 
promotion, so that full scope can be given to the young men in the 
power stations before years of shift work kills their enthusiasm. 

We will have to stop using such terms as ‘‘turbine driver and 
“stoker . 9 ’ The man who controls a modern pulverized-fuel 
boiler is something more than a stoker, and in recognition of this 
fact he should train men for plant-operating duties who have at 
least had some secondary school education. 

htrt S. M. Hill: There are several points I would like to raise. 
One-is the difference in availability between the turbines and. the 
boilers. It is not exceptional for a turbine to have an availability 
of 90-95%, whereas a boiler does not approach anywhere near 
that figure except in a few cases, the availability being generally 

80-82%. * " vv'\'- 

From Table 1 it is vefy evident that the amount of excess steam 
over the turbine consumption is very small. In Group A.it is 
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approximately 9-7%, in Group B 16%, and in Group C prac¬ 
tically nothing. This does not seem to give proper opportunity 
for adequate maintenance. I think it is accepted that lack of 
output of stations is generally due to lack of boiler plant; in other 
words, most stations are running on boiler maximum. 

Fig. 2 gives a proportion of 18% fines in coal deliveries m 
1942. My experience is that this figure to-day is more in the 
region of 50%. This high proportion is having a very bad 
effect. The wear on fan runners, for instance, has increased 
about five times. Fans which used to last ten years now wear 
out in two. Another feature affecting availability is the supply 
of coal of different characteristics. Instead of sending all the 
57 varieties, mentioned by a previous speaker, to all the plants, 
why not send one variety to each? It may sound a little Utopian, 
but I think that the situation could partly be met on those hnes, 
for the fewer classes of coal a station has to burn the better. 

Is the “standard merit’ ’ a good thing? Have the authors made 
out a good case for its adoption? I think they have. The pre¬ 
war yard-stick of station performance was the thermal efficiency 
figures published in the returns of the Electricity Commissioners. 
These figures were of considerable interest, but mainly to the first 
half-dozen stations and were not encouraging to the older stations. 

Any method of comparison which takes into account factors 
over which the operating staff has no control, is good; but the 
staffs in the various stations being compared must be convinced 
that they are getting a fair deal, otherwise no lasting improve¬ 
ment will be achieved. The system, should therefore take into 
account as many factors as possible. With this object in view, 

I hope the authors will expand their system as time goes on, if 
they can do so without undue complication. 

Mr. A. R. Cooper: The authors, for about the first time in 
public, are putting a cash value on the unsuitability of coal. In 
their case, for an area covering about 10 per cent of the total 
C.E.B. plant in the country, the net effect of unsuitable fuels is 
to nullify a capital expenditure of about £1 500000, while in 
addition the coal industry has to provide still more fuel to meet 
the demand from the electricity-supply industry. 

It is useful to remember that increasing the load factor on a 
generating station usually raises its thermal efficiency, but in¬ 
creasing the load factor on an interconnected system, such as a 
C.E.B. area, usually reduces the thermal efficiency, because the 
less-efficient plants become more heavily loaded. This fact is not 
always appreciated when extolling the benefits of high load factor. 

Table 5 is particularly interesting, and gives a method of 
presentation which should be of considerable value to station 
staffs. The method of splitting up what happens to the heat 
which has cost so much is most illuminating, and if this subject 
is tackled with enthusiasm the average station engineer will soon 
be able to locate the causes of any reduction in thermal efficiency. 

Care must be taken in drawing conclusions from Fig. 8 . ‘ The 
inference to be drawn from the curves-is that one can expect a 
better overall economic performance from modern plant than 
from older plant; and the facts collected by the authors support 
that general conclusion. But there is much evidence to show 
that this is not a safe generalization for the country as a whole. 
Figures for some 2 000 000 kW of sets and boilers taken over a 
3 -year period show, that with boilers varying from 100000 to 
300 000 lb/hr capacity the four top places on the availability list 
are occupied by groups of boilers varying from 8 to 10 $ years 
old, and the four bottom places by groups 3 to 5 years old. On 
turbines up to 75 MW, the top three places are held by machines 
varying from 11 to 14 years old, and the bottom three places by 
Machines from 3$ to 5$ years old. The conclusion reached 
from an examination of Fig. 8 is that progress is in general on 
the right lines; the conclusion indicated by my figures is that 
some radical change in design, manufacture or operating tech- 
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nique is urgently required. I do not suggest that my figures are 
conclusive for the country as a whole, but they do indicate that 
the problem needs to be approached in its broadest aspects. 

Regarding standard merit, there are many difficulties in com¬ 
paring the relative performance of stations by the proposed 
method. When full account has been taken of all the variables 
connected with the operation of a station, the comparison 
becomes essentially one of the quality of performance of the 
operating personnel of the stations. It would therefore seem 
reasonable to take some account of the numbers of the personnel 
engaged in producing higher availability, and probably also of 
the remuneration paid to those responsible for producing it. 

Mr. R. A. W. Connor: I feel that this paper, together with 
others recently presented to The Institution, reveals the necessity 
for more published data regarding plant availability and opera¬ 
tion; also that the time is now ripe for formulating a standard 
code of practice for evaluating the performance of stations. 

Fig. 5 shows the correction for load factor varying consistently 
with size of station whose turbine capacity varies from 5 to 
50 MW. Fig. A shows the operation efficiency determined by 
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the method suggested by Mr. W. S. Burge compared with the 
plant load factors for six different stations. These curves sup¬ 
port the view that there is no fixed relationship between load 
factor and operating efficiency. Again, in the secondary stations 
m $? rtlcular ^ no * necessarily the most economic load factor 

The modem tendency is to use the output thermal efficiency 
tor all purposes, which has many advantages. The authors have 
however, based their calculations on units generated as shown 
m the coxrection curve Fig. 6. The Commissioners’ returns now 
base all figures on units output, and it would apparently have 
b^n possible to make an allowance for this in the pre-1930 period 
when efficiencies were calculated on units generated. By using 
authors method the. allowance for power-station auxiliaries 
is entirely ignored; I think this is a mistake. 

^ egar ^ to tlle merit factor, I agree with previous speakers 
rather .unorthodox to multiply plant efficiency by 
.^vajiabihty ^ but ^there does not appear to be any altemativl 
In my opimon, the performance of a station can be expressed 


to the best advantage on the lines originally suggested by W S 
Burge. In addition a multiplying factor to allow for plant 
availability can be added as suggested by the authors; the, com¬ 
plete statement would then be— r 

Factor of merit, 

= Availability x Actual overall output thermal effi ciency 
Cycle efficiency x Optimum Plant item effi nVmy 

It is very important that the complete equation should be 
stated in referring to the performance of a particular station. 

Mr. E. T. G. Emery: In calculating the maximum probable 
efficiency in Section 7.1, the authors include vacuum as one of 
the factors to be taken into account. If the object of the pro¬ 
posed calculations is to assess the effects of poor operation, surely 
the fouling of condensers should be considered? I suggest 
therefore, that circulating-water temperature be substituted for 
vacuum. Since we are dealing with an ideal machine, we can 
assume no temperature difference to exist between circulating- 
water temperature and condensate, so that the vacuum would 
always correspond exactly to a condensate temperature equal 
to the circulating-water temperature. As the ideal efficiency 
depends upon circulating-water temperature, it is essential that 
this be calculated specially for each case, using the true circu¬ 
lating-water temperature recorded; otherwise the operating 
efficiency would show a seasonal fluctuation. 

In all the published methods of calculating maximum probable 
efficiency one of the given quantities is the final feed-water 
temperature. In an actual machine, this temperature varies 
with the plant load factor, and, if the final feed temperature is 
to be taken as a terminal condition, the ideal efficiency also 
varies with the plant load, factor, which is another reason why 
the maximum probable efficiency must be calculated in each case. 
In fact, the final feed temperature is not a terminal condition 
applied to the turbine; it results from the turbine, and the value 
accruing from the operation of an ideal machine would be the 
optimum value corresponding to the number of heaters. Can 
the authors suggest any practical method of determining this 
optimum temperature, because if we can establish its value it 
ran be used as a constant in the calculations, irrespective of the 
final feed temperature actually produced? 

.Station load factor is not mentioned as a factor affecting 
efficiency, but from Section 10 ( j ), it would appear that this has 
been investigated and found to have no appreciable effect. If 
this is so, an important issue is raised as a great deal of costing 
is carried out with the formulae in S.R. & O. 1015 in which 

station load factor occupies an important position.'' 

Referring to Fig; 5, it can be shown that if the Willansjine of 
heat consumption against load is straight, as the authors have * 
assumed, then the correction factor is given by (80 r/L + 1 — r) ~ 1 
where r is the ratio of heat consumption at no load to the heat 
consumption at 80% plant load factor. Comparing this with the 
authors’ formula : r = (1 + S0K/F)- 1 , they have used values of 
r ranging from 20-7% at 5 MW to 9-5% at 50 MW. I suggest 
that there is no point in obscuring the value of r, and that the 
formula is best stated in the form I have given. 

If the work involved in carrying out the authors’ proposals 

•ru-v 8 about ™P roved operation by way of efficiency and 
availability, then the labour may be worth while; but the methods 
proposed seem to have so many approximations that I wbnder 
whether there is not some simpler and more reliable method of 
getting at the desired result. I suggest as a possible line of in- 
vestigation the principles of quality control as applied to the more 
tangible manufactured products. * . 

Mr. E. McCabe; That the authors’ method of determining 
operating efficiency provides a sound basis for the 
ot a somewhat nebulous quantity is shown by the placing of the 
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generating stations concerned in the “merit list.” In this list 
stations of similar size, characteristics and target efficiencies do 
not tend to fall into groups, but are well distributed among dis¬ 
similar stations. It ig, I believe, generally agreed between the 
engineers responsible for the plants so far participating in the 
scheme, that interest in economic operation has been stimulated 
by it, mid that in fact the operating-efficiency figures derived by 
the authors’ methods reflect with a certain degree of fidelity the 
information which they are intended to convey. 

The operating-efficiency figure shares with the thermal- 
efficiency figure the disadvantage of being in all probability less 
accurate than its least accurate factor. It may well be said that 
inaccuracies will be included, but one of the major sources of 
inaccuracy is one which is by no means new, and is accepted as 
inevitable by many generating-station engineers in producing 
their normal performance statistics. I refer to the errors which 
can arise in arriving at the fundamental factor of heat input, in 
which careless sampling of some grades of coal leads to errors 
of 2—5% in the final result. Moisture determinations may 
be equally inaccurate, and careful laboratory work may lose most 
of its value. A practice exists at some stations of basing station 
performance on coal weights determined at the colliery, which 
may be appreciably different from the weight actually fed to the 
boilers. This not only results in a regrettable separation of the 
points of weighing and sampling, but also includes in the station 
engineer’s results a factor depending^ on climatic conditions and 
on the ability or willingness of the appropriate persons to keep 
rolling stock in repair. Much of the value of the standards.pro- 
posed by the authors may be Idst, unless efforts are made to 
produpe reliable and accurate data on which to base the calcula- 

tion s . t c u 

+ X do not understand the doubts which beset some ot tne 
previous speakers regarding the practice of multiplying together 
two not-directly related percentages. Most of them probably do 
not hesitate to multiply the very much more widely differing 

component parts of that very useful unit, the man-hour! • . 

Mr. G. F. Kennedy ( communicated ): The authors have derived 
some very valuable facts from a mass of statistical information 
collected during years which have been most difficult ones from 
the point of view of power-station operating engineers. An 
increasing amount of attention has recently been focused on the 
necessity for ensuring a high availability factor at all power 
stations, and I should like the authors’ comments on the sug¬ 
gestion that the troubles experienced with the more recent 
generating plant included under Group C could have been 
avoided had more attention been paid in the design stage to 
availability than to a high overall thermal efficiency. . 

. Can the authors say whether in their experience powdered-fuel 
plants have, in general, given a higher availability than stoker- 
operated plants? From the design point of view, it is generally 
considered* that this should be the case, and that the higher 
availability Of powdered fuel plants should to some extent com¬ 
pensate for their higher capital cost. 

There appears to be no reference to the importance of an 
established routine for the inspection and maintenance of each 
item of generating-station plant. Are the stations in which all 
items of plant are regularly inspected, and the results systemati¬ 


cally logged, given a higher availability than those in which this 
work does not receive such careful attention? 

The authors have produced a yard-stick by which the per¬ 
formance of power stations may be judged. I would, however, 
criticize the suggestion that the standard merit should be base 
on the higher kilowatt capacity where stations are over-boilered. 
The authors have shown that under normal working conditions 
it is not at present practicable to expect such a high availability 
from the boilers as from the turbine plant in any station. Present 
conditions cannot be described as normal, and the irregular 
quality of coal supplied, coupled with the frequent necessity for 
running boilers at or near their rated output, must inevitably 
reduce still further their relative availability. In such circum¬ 
stances, undertakings which install excess boiler capacity would 
appear to be absolutely justified, and it seems a pity tot the 
standard merit of their stations should thus be adversely affected. 

In this connection it is interesting to note that if it is assumed 
in Table 1 that the weighted average steam consumption for the 
turbine plant included in Group A is 11-Olb/kWh, the excess 
of boiler capacity over turbine capacity is only 5 %. In Group B, 
if the weighted average is assumed as 10 lb/kWh,theexcess is 
16%, and in Group C, with a weighted average of 9*2 lb/kWh, 
there is actually a shortage of boiler plant of some 3$ %. 

Mr. C. W. Priest ( communicated ): I was very interested m the 
analysis of breakdowns and availability given in the paper. The 
burden of unsuitable fuels is given as 10-15 % loss of availability 
on the total plant installed, a burden which must be increased 
by additional maintenance charges, extra tonnage and extra 
labour requirements at a time of greatest shortage. Table 2 
appears to indicate that the more modern plant in Group C is 
more susceptible to breakdown or outage than the intermediate 
plant in Group B, whilst the latter is, in turn, more susceptible 
ton the oldest plant in Group A. It will be noticed tot the 
increased rate of breakdown per plant item is not confined to 
the steam-generating plant, but is also apparent in governors, oi 
systems and condensers. The size of the plant items in Group C 
is presumably larger than in the other groups, so that an in¬ 
creased outage of the latest and largest units would be very 
serious. Perhaps the authors would comment on this point. 

Statistical comparison of station performance, even m the 
simple form of thermal efficiency, has, I believe, had a marked 
and beneficial effect within the industry. I am all in favour ot 
maintaining such a comparison, and I believe the system advo¬ 
cated by the authors is a definite advance on the present thermal- 
efficiency basis. It merits a try-out on a still larger scale. _ 

There is one point, not brought out in the paper, upon which 
I should like the authors’ views. All figures of station per¬ 
formance are ultimately based on tons of fuel and heat value, 
and for all official statistics it is at present necessary to equate 
the tons burned with the tons paid for, whilst the calorific value 
used must be the heat content of the coal as received. With 
these figures all losses in heaps are debited to station performance. 
If fuel is purchased on the colliery advised weights, then station 
performance must also bear the burden of loss in transit.^ It 
seems to me that such losses might be separated, and earned as 
a cost item, leaving the technical efficiency to be calculated on 
the basis of fuel to boiler hopper, excluding all prior losses. 


THE AUTHORS 5 REPLY TO THE ABOVE DISCUSSION 


Messrs. R. W. Biles and G. W. Maxfield (in reply): We fully 
agree with Mr. Beard’s opening remarks, particularly his reference 
to the need of other factors, such as capital charges, availability, 
etc., of power station performance being recorded for purposes of 
comparison. He is thinking on different lines, however, when re¬ 
ferring to operating efficiency. Mr. Peattie suggests that th? 


is hardly appropriate. Our denominator is the maximum possible 
ther mal efficiency based on turbine and boiler guaranteed effi- 
cieiicy at the running plant load factor. No other allowances for 
uncontrollable losses included in this item were made. The term 
“operating efficiency” is regarded in its widest sense and is 
a measure of the manipulation of the station’s operators. 
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of design performance, manufacturing quality and station 
management. 

With “availability” we have endeavoured to find a formula 
which would give fair calculations for all stations. Over-boilered 
stations have the advantage over the balanced and under-boilered 
stations since cleaning and repairs can be done without loss of 
effective capacity and therefore of availability. There seems to 
be no justifiable rule for all classes of stations to be provided 
with spare boiler capacity. Base-load stations with high annual 
average running .plant load factors would have the best claim. 
Mr. Pugh refers to high availabilities achieved with balanced 
plant, i.e. without spare boiler capacity. Since boiler availability 
does not generally equal turbine availability, we are inclined to 
base the calculation on effective station capacity, which may 
be limited by turbines or boilers. This is a considerable advan¬ 
tage to some stations with spare boiler capacity equal to 1 in 4. 

We gave no direct explanation in the paper as to why the 
availability did not increase from 1940-1942. A study of the 
breakdown analysis shows the big rise in breakdowns, and 
therefore loss in availability, with an appreciable rise in running 
plant load factor. Calculation of availability based on three 
winter months instead of yearly would be unfair, particularly 
to the base-load stations which are needed to operate fully loaded 
throughout the year. Furthermore, the spring and autumn loads 
are becoming the most difficult to meet. 

We value operating efficiency and availability points as of 
equal merit, although their monetary values may be different! 
We agree that parallel records should be kept and, as an alter¬ 
native, we have no objection to the mean value of the two 
factors to represent “standard merit.” We have had some diffi¬ 
culty in finding an alternative term for “operating efficiency.” We 
agree with Mr. Peattie that extra capital expenditure to gain 
improved availability and/or operating efficiency should not be 
resorted to until all other means have been tried and have 
failed. 

We cannot see that tidal schemes, as suggested by Mr. 
Carrothers, will be of much assistance with shutdowns, since 
they will not always occur when tidal power is available and, 
furthermore, only minor maintenance can be done at steam 
stations at times when tidal power is at its peak. Much depends 
upon the type of tidal-power scheme. 

Several alternatives for calculating the basic thermal efficiency 
have been tried, with little difference in the result. The one 
adopted is a practical and convenient calculation. Mr. Car¬ 
rothers’ suggested alternative will be considered. 

Mr. Pugh s figures of availability are a demonstration of what 
can be achieved with old and modem plant by good manage¬ 
ment, and enthusiastic, efficient and well-organized staffs. We 

station staffs. S® g quality and training of power 

Mr. Cooper has drawn attention to the diversity of results 
in availability, and supports a country-wide survey. Fig. 8 is 


derived from the best performances and the curves are set lip 
as a standard. Station performances which fall short of those 
standards should be carefully analysed to find the cause. 

The effect of load factor on thermal efficiency in an intercon¬ 
nected system is often similar to that for an individual station 
when two or more pressures are used. Table 4 was devised to 
cater for two pressures; similarly in Fig. 5 adjustmentfor machine- 
hours automatically lowers the maximum possible efficiency for 
the added use of older plant, giving also an incentive to efficient 
loading of pjant within the station when all plant is available. 
Standard merit is determined from basic technical facts irre^ 
spective of the numbers of personnel engaged; these could be 
taken into account, if desired, in the final analysis. 

We agree with Mr. Connor that there is no fixed relationship 
between operating efficiency and load factor. According to our 
definition, operating efficiency will vary considerably for various 
reasons not connected with load factor. The adoption of output 
efficiencies or “sent out” figures appears to complicate the cal¬ 
culations. It is appreciated that auxiliary power requirements 
vary between stations, and that in modem plant there is a 
tendency for them to rise. 

In reply to Mr. Emery, the designed vacuum is adopted for 
the calculation, and any deviation from it due to fouling of 
consensers is the responsibility of the operating staff and should 
appear in the analysis of “accountables.” We appreciate that 
the “ideal efficiency” will vary with circulating water temperature 
and seasonal variations will be met with, but all stations alike 
will be affected in some degree, and in a comparison over a 
12-month period we think they, can be ignored. In the methods 
proposed, small discrepancies have been ignored so as to arrive at 
a simplified practical method applicable to a complex problem. 
The discrepancies will generally be common to all station results* 
if the system is uniformly applied, and none will suffer. We 
would welcome suggestions, fully explored, of a simpler approach 
to the problem. 

Mr. Emery may have misinterpreted Section 100‘), as this 
definitely states that the efficiency must be expected to droop 
with load factor. In Fig. 5, the general approach was similar 
to that given by Mr. Emery’s first formula. F in the subsidiary 
table corresponds to r in Mr. Emery’s formula, except that it is 

related to 100 % instead of 80 % load. 

In reply to Mr. Kennedy, Group C plant was installed as base 
plant with the full knowledge of designers and manufacturers, 
i.e. to operate continuously at high load factors. Margins in 
design were presumably incorporated to give good availability, 
although they were not successful in every case. In some cases 
pulvenzed-fuel plants, although not always higher in capital cost, 
have given higher availability than stoker-operated plant. 

We agree with Mr. Priest’s observations on the extra burden 
of unsuitable fuels and the greater breakdown rate of Group C 
compared with the other groups. We welcome his support for 
trying out the system on a wider scale. 









TRANSMISSION AND DISTRIBUTION OF ELECTRICITY TO MINES* 
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Sine idea of the potential demand at collieries to be obtained, the ^ Qutput , for the Un i tec i Kingdom. Of this approximately 
load for a typical group of collieries is a ?dysed. ^he^nflaence 5 million tons was anthracite, leaving 30 million tor* of^ brtu- 
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ReeufationsTif the Electricity Commissioners governing ice-loading certain simple modifications to suit local conditio , 
fnr conductors A new design of cross-arm for a single-circuit 33-kV CO alfields in Great Britain. . f xxr1 _-^ 

overhead line' is illustrated. Recommendations are made for the In ^ South Wales coa ffield there are two mam factors w 

standardization of equipment required for the electrification of td t0 increaS e the power consumption per ton of coalraise 

collieries. ___- relative to other areas, namely the heavy pumping loadandthe 

extensive use of compressed air. This increase unpower con¬ 
sumption is offset to a certain extent bjrTh^sh^ower ^afts 

Y 0 rksWre^Lan^shheMd S the°M^ands^where the consumption 
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(1) INTRODUCTION extensive use oi P min ' extent by the shallower shafts 

The degree of colliery electrification varies throughout toe ' ^ales compared with the deeper shafts in 

country, and each coalfield has certain special conditions to face. “ d the Midlands, where the consumption 

In South Wales most of the special problems are imposed by the ^Ash.re L^casnne^ 

concentration of the collieries in narrow valleys and the hilly ofcoSitions do not allow the use of electncity in 
nature of the country which must be crossed by the transmission within^OO yards of the coal face, compressed-air must 

lines supplying'the collieries. The large demands or compre be used for coal cutting, conveying, drilling, pumping and hauling, 

air and for pumping also increase_the_ power requirement ^d that four 0 r five times the power must be generated 


be used tor coal cumng, cuuvcjyuis, 

air and for pumping also increase me power .— means that four or five times the power must be generated 

call for the transmission and distribution of fairly large b the sur f ace for these compressed-air drives, compared with 

of power. . A „„i, A1 , t tiv, the nower required for direct electric drive. In South Wales, 

A number of the larger colhery companies throughout the «JP ^ univ ersal availabiUty of compressed air on 

SS t^oal face, extensive usd is made of air picks m place o coa 

satisfactory arrangements have been ^de for workmg^c^ ry ass uming the power for washeries to be mcluded. If all the 

generating plant in parallel with the Grid or vnth p _ collieries in the area under consideration were completely elec- 

panies’ systems, and the colliery electrical load, whic j.s - ^.iriing electrically-driven compressors, winders, fam, 

tinally increasing, has not been properly co-ordinated etc the total annual consumption would be 1050 milhon kWh. 

other industrial electrical loads m the same area. CoUiery At " average loa d factor of 45% this represents a maximum 

demand of approximatdy 2700001CW. 

organized in larger groups the tendency is to spread the coUiery (3) ESTIMATED ENERGY CONSUMPTION 

transmission system over an even wider field, up g. The steam and bituminous coalfield of South Wales is apprpxi- 

some instances, existing transmission lmes. On the other hand ^TU ^ ^ or 500 square miles. In this survey 

collieries am usefully generate electricity as a hy-p _ the power requirements of the coalfield no other mdustna 

their normal business, and their potential contribu _ loads been considered, although tiiese are cor»iderable. 

generating capacity of an industrial area must Thev would be further increased if railway and road electrification 

addbtmt. . * ir • c oii A rm the valleys were included as well, and in any regional seheme 

Continuily of supply is of vital mportance to collieries, a ^ deve i op hig the area the power required for railway and 

for this reason alone they are justified in retaining a ^ _ trolleybus electrification should not be left out of account, 

capacity of generating plant at the pit-head to main am ^ potential maximum demand from the coal industry^ of 

i. . • ^ . __a. «v<miAr frrmhlft inteTTUt)tm2 the SUP - , %_ i _600 


plant in the event of some major trouble mterruptmg the sup- 

plies-from outside, and there is no reason why this generating Sm 

plant should not be efficient and well maintamed. • 

, - iPowdlDuffryn 

* Traxisnussion Section paper. [277 ] 


IOr UCYCIvUlU& iuv vw-vM. r- ", t * _ , 

trolleybus electrification should not be left out of account^ 
The potential maximum demand from file coal industry 
Soufii Wales alone, if completely electrified, is approxima^y 6(W 
kW per square mile. If further underground el^tnfication is 
carried out at the expense of compressed air this figure will, of 
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course, be reduced. The Jaw of 
diminishing returns would offset 
this to a certain extent as coal has 
continually to be conveyed and 
hauled greater distances, and there 
is still a fair amount of natural 
horse-power in use which will 
eventually be mechanized. Fig. 1 
shows the concentration of the coal 
industry in the area, based on the 
number of men employed in 1937, 
the size of the squares being pro¬ 
portional to the number of men 
working at that date in the locality 
in which the squares are drawn. 

(3.1) For South Wales 
With modem generating plant 
it is possible to deliver 1 kWh of 
electricity to the colliery 3*3-kV 
busbars for a consumption of 
1 • 5 lb of coal at the power station, 
or a total consumption of 703 000 
tons/annum for 30 million tons of 
coal raised. This represents’ a 
coal consumption of 2 * 35 % of the 
coal raised. If the consumption 
were 45 kWh per ton the percen¬ 
tage of coal burned to coal raised 
would still be only 3%. It is not 
too optimistic, therefore, to sug¬ 
gest that the consumption of coal 
per ton raised could be reduced to 
at least half the present figure, 
representing a saving of nearly f 
million tons of coal per annum for 
the steam and bituminous coal 
, mines of South Wales. It is diffi¬ 
cult to estimate the ratio of coal 
burned to the coal raised at present, 
because some coal is burned in 
the colliery boiler plant, some in 

the colliery generating stations and 
some in “selected” stations. En¬ 
ergy measured in kWh may be pro¬ 
duced for any value between 
1‘2 lb and, say,* 61b of coal 
burned per kWh. It will be 
argued, of course, that there is 
a vast difference between the 
calorific values, ash contents and 
prices of coal burned at the colliery 
and at the selected station, but 
other factors enterinto the calcula¬ 
tion, such as labour in handling 
the inferior coal and in disposing 
of the ash. With the increased 
value of coal the natural tendency 
is to up-grade inferior fuels by 
processing them, rather than to ' 
bum them in inefficient boiler 
plant. 

(3,2 ) A Method of Comparison of the Energy Consumption for 
. Different Collieries 

To improve the efficiency of the power consumption, of the 



coal-mmmg industry generally it would be useful to have ; 
standard by which the power consumption at different collierie 
throughout the country could be compared. For all-electri 


-Map showing concentration of coal-mining industry in South Wales. 
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collieries the unit of comparison is the number of kWh per ton 
of coal wound. For all-steam collieries, or for a self-contained 
(rroun «f mixed steam and electric collieries which generate all 
Lir own power, the percentage of coal burned to coal wound 
'mves the necessary comparison. But there is still no basis of 
Lnparison between the all-electric colliery and the all-steam 
Srv except a cost basis, and no method of assessing the 
relative overaU efficiency of a colliery importing power, either 
pWtricitv or compressed air, from outside. 

It is suggested that this be done on a B.Th.U. basis. For 

example:— Millions of 

B.Th.U. 

Coal burned in colliery boilers, 1 600 tons at 12 000 ^ ^ 

Electeidty taported, 380 OOOunits at 200o6B.Th.U/kWh 7 600 
Compressed air imported, 40 million ft» at 50 B.Th.U./ft 2 000 


Coal wound in same period .. .. 65 000 tons < 

Consumption, in millions of B.Th.U./ton wound . - = 0 • 81 J 

rtn an all-electric colliery consuming 35 kWh/ton, assuming 
20000 B.Th.U./kWh, the consumption would be 0-7 nullion 

B The U '£Tre of 20 000 B.Th.U./kWh represents an overall 
thermal efficiency of generation and transmission to ^Jiery 
busbars of 17%, and the compressed air is basedonafigureot 
400 cubic feet per kWh. These figures can be adjusted to meet 
actual local circumstances if required. 

At h colliery with steam plant two factors affect the power 
. costs, (n) the efficiency with which steam is raised, and ( 6 ) ffi - 
efficiency with which the energy m the steam is utilized. Even 
though (a) may be high where the boiler plant is comparatively 
new Ld well maintained, (b) is usually low owing to the surface 
plant consisting of a number of scattered drives working on a 
low load factor and consequent high steam kisses. 

The electrification of surface plant is economicaUy justified 
and the savings are correspondingly greater if obsolete steam 

plant is being replaced by new electric drives. Further discussion 

of the power costs is outside the scope of this paper. 

(4) IMPORTANCE OF CONTINUITY OF SUPPLY 
Power companies often emphasize to a consumer that relia¬ 
bility of supply is the first concern of the power company if for 
no other reason than a purely selfish one, as faffine of sup£y 
means Joss of revenue to the power compa^. To a coffi^ 

• company, however, the loss is usually many times the loss to the 

^SsSTshut-down at an all-electric colliery during the 

morning shift. The output is 1 500 tons/shift and there are 
1 300 men employed. Electricity is charged at, say, 06ff per 

unit at to-day’s price of coal. The c 0 ^l ei 7 , shifl were 
kWh/shift or £131 worth of electricity. If the whole shitt were 
frSmower company would lose £131 at t^ ^ an^the 
colliery company £1744 revenue, assuming a pit-^dpnceof 
25s per ton But.an hour’s shut-down might mean the same 
loss to the colliery company, for if the fan stopped the menwould 
have*to be withdrawn. The next days shift, would also te 

dislocated. The loss to the P owe ^ mpany ^°S Sw?r if off 
£100 Even if the men are not withdrawn and the power is on 

for half *n hour ,-1000 menmay waste 

or £50, to sajr nothing of the general disorganization caused 

th r£me loss is incurred by a coffiery company whhte own 

steam plant if the boiler auxiliaries, for example, are electrica y 


driven and supplied from an outside source. Without Jeam 
the winders, compressors and fan may all be stopped, although 
the loss in revenue to the power company will be 8J • 
Serious stoppages may endanger the whole pit if the le “^“ ° 
stoppage exceeds the storage capacity of the pumpingsystem 
and the pumps are allowed to flood. Adequate storage tapacity 
provided underground is of great importance, as in addffion to 
guarding against a failure of the electric supply to the'PWj 
also enables the load factor to be improved It is advocated 
that all underground pumping stations should be so designed th 
all the water made in 24 hours can be pumped in 6 hours. 

The need for a thoroughly reliable and adequate power supply 
under all weather conditions cannot be too strongly emphasized. 

(5) SPECIAL PROBLEMS AFFECTING GENERATION IN 
COLLIERY DISTRICTS 

As is well known, the coal mines in South Wales are distributed 
over a number of valleys divided by ranges of J!^ 

places to about 2 000 ft. At the top ends of these galleys Are 
collieries themselves are frequently over the 700 -ft contoun 
Geography therefore introduces special problemswith regard to 
STJ*ion of overhead tt a»«fcioa lines Jhe 
power stations must also be considered in relation ^ *e ffiy 
nature of the country. Although there is a river running down 
each valley the water supply is scarce at the top of the valleys 
and it is natural, therefore, that any large generating stations in 
the area will be erected to ffie south of the coalfield where several 
riversTonverge. This means that if the collieries at ffie northern 
SS of the area rely for their electricity on these central 
generating stations, they must be reached by an extensive network 
' of transmission lines, which must inevitably cross the mountains 
at some points. ; 


(5.1) Pit-Head Generation 

This is considered here only in so far as it affects the trams- - 
mission problems discussed, but it is clear from 
caid above that greater reliability of supply will be achieved it 
rmwer iTgenerated at several of the larger collieries or m the 
SS of Sups of collieries. With the chemical treatment 
available to-day many pit waters which have been condenm d 
"££ be fitted at a reasonable cost to make them 

suitable for the requirements of a generatmg station. 
"TSw h favour of pit-tod generation may be 

summarized as follows:— 

(a) Greater security of supply. 

u sssj 

g Sr 5 * U. of coal, o, nnm 

The disadvanUges may be stated thus:— 

(a) Greater operating costs for a number of small stations compared 

It is usual for colliery companies who operate their own 
generating stations to distribute ffie costs of them tedinic^_ste 
over both the collieries and ffie power station, and this 
offset the extra supervision required by a number of smaller 

stations. 

(5.2) Saving in Coal Freight and Handling Charges 
1 By using fuel at ffie pit-head ffie saving in freight and handling 






that, assuming complete electrification, the power consumDtion 
of the various services would be as follows:— P 
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charges would be between 4s. and 5s. per ton. A saving of 4s. 
per ton at the standard coal clause ruling in the area would be 
equivalent to 0 • 0384d./kWh, or a reduction from, say, 0 • 6d./kWh 
to 0-5616d./kWh, representing a saving of 6-4%. The lower 
the cost of electricity the greater the percentage saving. This 
saving would offset the higher coal consumption compared 
with the selected station, * as there is no reason why steam 
conditions of the order of 400 lb/in 2 (by gauge), 820° F, should 
not be adopted at the pit-head stations. 


Ventilation . 

Pumping 

Compressing 

Winding 

Miscellaneous 


kWh/ton 

5-Q2 

5-27 

15-75 

5-55 

3-32 


34-91 


Percentage 

14- 4 
15*1 
45-1 

15- 9 
9-5 

100 ~ 


(5.3) Operating Colliery Generating Plant in 
Parallel with Grid or Power Company’s 
Network 

From the point of view of transmission 
and distribution the possibility of operating 
the colliery company’s generating plant in 
parallel with the supply company’s generating 
plant or in parallel with the Grid must not 
be overlooked. In fact, if a regional survey 
were made of the electricity supply require¬ 
ments for an industrial area like South Wales, 
it would be found that there are many factors 
in favour of operating the colliery power 
stations as base-load stations and taking the 
peak demand from the Grid. Due to the 
absence of lighting load and reduction in 
domestic consumption at present, the peak 
demand on the Grid or public supply will 
correspond to the peak demand at the col¬ 
lieries, but in normal times the maximum 
demand on the Grid may again shift to the 
afternoon and evening, in which event there 
will be an advantage if the morning peak 
demand on the collieries were taken from the 
Grid. Fig. 2 shows the effect of this. - 


Assume that collieries work 50 weeks per annum and that each 
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(6) TRANSMISSION LINES IN SOUTH WALES 

°7“ g , t0 heavy concentration of industry in South Wales 
nd the foresight of the power company in meeting the demand 
by a widely distributed network. South Wales Ke£ cS 
tran ? nussioa hnes. Colliery companies and the power 
company have on the whole erected their lines regardless of each 

effiSr,i nd ^r a res,lIt the utilization of available copper is not 
efficient and lines go over the high contours, whichwould not 

if. «*»>«•«• could, have ten /M* of 

•iithe map of the transmission lines in South Wales 
illustrates the advantages which would result“om reSS 

SSI 10 ft b ”“" ° f toth and 

knowledge of the present loadings and an estimate of possible 

h> a <hngs would be necessary before a comprehensive plan 
could be worked out in detail, but any scheme which enabled 

— C?ty *2 U P roduc ed locally with minimum freight 
and transmission charges would have two important advantaiL- 
(a) l wouki help to attract new industries to South Wales and 

(7) ANALYSIS OF COLLIERY LOAD ' 

(7.1) Ppwer Consumption of Various Services 
To'assist in such a survey an analvsis of a mnn . 

^rq<ii)qng !0 million tons per annum fa gi^lbSowf ^hk shows 


S?urdL d m ded - UP a ^./ ollows: - 5 days at 3 shifts per day; one 
7 ata da ^ m oming shift; one week-end from Saturday 2 p.m. 

day °S^ (4 ?,?° U - S); , h0lidayS 15 days at 24 hours Pet 
aay. This gives the following hours per annum:— 

hours 

. .. 2 400 

. 2 000 
. .. 2 000 

. -.. 2 360 

* 8 760 


Morning shift 
Afternoon shift " 
Night shift 

Week-ends and holidays 


_ (7-2) Percentage Division of Units over Shifts 
Table 1 



Morning 

§ 

0 

1 

Night 

Week-endTs 

and 

holidays 

Total 

Ventilating 
Pumping .. .. 

Compressing 
Winding , . , 

Miscellaneous 

31 

31*5 

38 

64-5 

72-6 

26 . 

1- 25 

28 

23-2 

27-4 

* 

24 V 
20-5 

23 

10*7 

19 

23 

11 

1-6 

100% 

100 % 

100 % 

100 % 

100 % 

.From these figures the average kWh/hour d 
tnaximum half-houi 

luring th< 
:ly demai 

5 various 
id is cal- 


u° m me average demand by dividing by afactdr of 0-92 

die ratio of the maximum average tiftfae maximum 

S? pS^S^ m ‘be following factorsr-ventilating 
985, pumping 0 985; compressing 0-91; winding 0-77; miscel- 
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Table 2 

Output 30 x 10 6 Tons Per Annum. 


Consumption 


Consumption per shift ( x 10<0 


Maximum demand 


J 5 er ton 

Total x 10° 1 

Morning 

Afternoon 

Night 

Week-ends 

and 

holidays 

Morning 

Afternoon 

Night 

Week-ends 

and 

holidays 

kWh 

5 02 
5*27 
15*75 
5*55 
3*32 

kWh 
150*6 ' 
158*1 
472*5 
166*5 
99*6 

kWh 

46-80 

49-80 

180-00 

107-43 

72-3 

kWh 

39-00 

39-60 

132-00 

38-55 

27-30 

kWh 

36*15 

32*40 

108-00 

17*79 

kWh 

28-65 

36*30 

52*50 

2*73 

kW 

21 750 

21 800 
90 000 
63 300 1 
72 150 

kW 

21750 
21 750 
78 000 
27 300 1 
33 000 

kW 

19 950 

17 850 
64 500 
12 300 

kW 

13 200 
16 800 
26 700 

1 650 

34-91 

1 047*3 

456-33 

L 

276*45 

194-34 

120*18 

270 000 

181 800 

114 600 

58 350 


Ventilating .. 
Pumping . - 
Compressing 
Winding 
Miscellaneous 


laneous 0-45. Table 2 shows the distribution of consumption 
and maximum demand throughout the various shifts for an 
annual output of 30 million tons. These figures can be used 
pro rata down to, say, 10 million tons/annum. 

(7.3) Probable Saving by Connecting to Public Supply 
Fig. 2 shows the maximum demand throughout the year for 
30 million tons. If the colliery generating plant supplied 40% 
of the maximum demand the load factor would be 83*5%. The 
energy supplied by the colliery generating plant would be 789 • 72 
million kWh and by the public supply 257-58 million kWh. 
Assuming the public supply to be charged on the half-hourly 
maximum afternoon demand in the winter months, this would 
■be 181 800 kW - 108 000 kW = 73 800 kW. ; 

Ignoring the difference in fuel costs between the colliery 
generating stations and the public supply, and assuming a charge 
of £2-75 per kW maximum demand and 0-2d. per kWh with 
coal at 12s. 6d. per ton, the following charges are obtained:— 

270 000kWM.D. 1047-3 million kWh (L.F. 45%)== ? 0-37d./kWh. 
Mixed generation 1047-3 million kWh — 0• 315d./kWh.^ 

Saving due to diversity of demand = £2*75 x (270 000 181 800) 

irW a £242 500. . 

Saving per million tons per annum — £8 085, or 2d. per ton o 
coal raised. 

The above calculations assume the same cost of electricity 
whether received from the public supply or from the colliery 
generating station. It is clear, however, that further savings will 
result to the colliery company from generation at the pit head, 
particularly where a large demand is being supplied as m this 
instance,••and the whole subject is worthy of more detailed study 

than can be given here. , _■ r 

The load/energy diagram in Fig. 3 shows the load factor for h 
different classes of load. The abscissae give the total kWh per 
annum and the ordinates the maximum demand m megawa s. 
For a maximum demand of 40 MW and a load of 10 ^ 
the consumption per annum would be 40 x 8 760 X1 
; 350 million kWh. Thus the percentage load factors are 

•marked off on the ordinate corresponding to 350 million ,units. 

By generating 40 % of its load a colliery company would safe¬ 
guard the supplies to its vital services, namely ventilating and 
pumping, and would have a small margin in hand for winding 
and compressing should power from an outside source be cut oil. 

• (8) DISTRIBUTION AT COLLIERIES 
Ba§ed on a consumption of 35 kWh/ton and a load factor of 
45 %, the transformer capacity required to 
transmission network is 0-58T at 0*8 p.f., and 0-464T at umty 
power factor, where T is the tons of coal raised per week, ror 




Millions of units per annum 
Fig. 3 .—Load/energy diagram. 

a 10 000-tons/week colliery two6 000-kVA transformers ^ouid 
be required with one as standby. Alternativelythree 3 000-kVA 
transformers might be adopted with one as standby. The choice 
depends upon the cost and the switching arrangement adopted. 
Usually the latter arrangement will be cheaper. , .. . .. 

Assuming 500 MVA on the 33-kV busbars and 7*5% trans^ 
former reactance, the corresponding short-circuit MVA on the 
“busbars would be 69 MVA with two 3 000-kVA trans¬ 
formers in circuit. To this must be added the effect °J 
synchronous plant connected to the 3 • 3-kV busbars, say 10 MVA 
for a motor driving a 6 500 ft 3 /min compressor. This gives a 

total of 79 MVA. i ." 

The above figures axe for a colliery with no generating plant, 
but where there is generating plant as indicated in the typical 
diagram of connections (Fig. 4) the short-circuit value on the 
!I;_kV busbars is 268 MVA, neglecting resistance^ etc., or 
61 MVA on the 3 • 3-kV busbars. 
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INCOMING 33-kV 


ICOMING 

n 

A ? V 


(s. C) 500 MVA? ^ f 3 5-kV 

jjs I5MVA 

1 


(S. 0250MW 


'RANSFORMER 

■srs-ILkV 


Outgoing 
Feeder to 
Colliery A 


I FORMERF 

» 

1 


i5mw 

GENS 


.Outgoing 
Feeder to> 

CollieryA 


(S.C.)75MV^ 


55 kV 


Fig. 4.—Switchgear diagram-for colliery with 15-MW generator. 


A colliery network represented by a hexagon with a 15 000-kW 
generating set at each corner and with sides 10 miles long and 
interconnected to include other collieries, is shown in Fig. 5. 



Fig. 5.—Diagrammatic arrangement of colliery generating system and 

network. 

With single-circuit 33-kV transmission lines with a reactance of 
0*56 ohm per mile the short-circuit capacity of the 33-kV 
busbars at A with all the machines running would not exceed 
350 MVA'. 

Summarizing the above, it is clear that to meet nearly all 
requirements at collieries a few standard sizes of switchgear may 
be adopted; the following are recommended:— 

33 kV:—500 MVA 
11 kV:—250 MVA 
150 M VA 

3 • 3 kV:—75 MVA ' 

- By using 75-MVA 3-3-kV switches throughout the surface 
installation the use of reactors would be avoided and greater 
•safety would be provided. 

To protect old switchgear which has to meet an increased 
'Short-circuit current, h.r.c. fuses may be used to advantage as 
a substitute for reactors. 

For pit feeders reactors will be required, as flame-proof 3 • 3-kV 
switchgear is usually designed for a maximum short-circuit rating 
of 25 MVA and it is an advantage to limit the short-circuit 
•capacity underground to this figure. 

J'.'. Assuming two shaft feeders in parallel, Table 3 shows the 


Tables 


; Length of one cable 

300 yards 

1 000 yards 

150 amp, 0-1 in* .. 
200amp, 0-15 iri* 

250 amp, 0-15 in* .. 

4- 4% 

5- 89% 
7-37% 

4- 01% 

5- 39% 

‘ 6-73% 


percentage reactance which must be added for different lengths 
of shaft cable, to reduce the short-circuit value from 75 MVA 
to 25 MVA. 

Standardization of switchgear as outlined above is strongly 
recommended. It would rob manufacturers of their competitive 
novelties and purchasers of their individual fads and fancies, 
but the cost of electrical equipment for ^distribution and trans¬ 
mission prolongs the life of many an old stand of Lancashire 
boilers and of many a blast haulage and blast pump, although 
on the basis of running costs there is an overwhelming case for 
electrification. 

The present-day price of a substation to feed a colliery from 
a 33-kV system, i.e. two incoming circuit-breakers, a bus-section 
switch and two transformer feeders, two 6 000-kVA transformers 
three 3-3-kV circuit-breakers (two transformer feeders and one 
bus-section switch) and connections is approximately £3 16s. 
per kVA, based on 6 000 kVA maximum demand. 

(9) CHOICE OF SWITCHGEAR / 

(9.1) Switchgear for Medium Voltage 

Assuming two 300-kVA transformers with a reactance of 5% 
and 75 MVA on the 3 • 3-kV busbars, then with a medium voltage 
of 0*4 kV the short-circuit current will be approximately 
15 000 amp, or 10 860 amp at 0*55 kV with the two transformers 
in parallel. This means that medium-voltage switchgear and 
control gear should be installed to meet these values, but very 
few medium-voltage switches in operation are adequate to deal 
with these conditions. If the motor control gear in series with 
switchgear is set to operate before the back-up switch, as is often 
the case, a dead short-circuit on the controller or motor may 
have disastrous results. Controllers should be used only for 
overload protection and not for short-circuit protection. 1 

The characteristics of a h.r.c. fuse are, however, such that 
a short-circuit would cause it to trip out in a very much shorter 
time than the control gear. Under ordinary overload conditions 
the controller would operate before the h.r.c. fuse. The cost 
of h.r.c. switch-and-fuse gear is very much less than that of 
an oil circuit-breaker for each outgoing circuit; 

Difficulty is, however, involved in the use of h.r.c. fuse gear. 
The Amendments to the General Regulations Governing the Use 
of Electricity in Mines advocate that, in every circuit where the 
voltage exceeds 125 volts, earth-leakage protection shall be pro¬ 
vided to open the circuit if the current to earth exceeds 15% of 
the rated current, or 5 amp, whichever is the greater. Earth- ' 
leakage protection has so far not been generally adapted to 
switch-and-fuse gear, and the use of this apparatus without 
earth-leakage protection is not, therefore, permitted*. Repre¬ 
sentations have been made fropfi several quarters for some relaxa- 
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Fig. 6. Application of proposed Regulation regarding earth-leakage 
protection. e 

tion of this Regulation before it becomes law, in so far as it 
affects medium-voltage circuits on the surface. The compulsory 
provision of earth-leakage protection on all outgoing feeders 
underground is Welcome. • • 

A ^ switch-and-fuse board for controlling th£* medIum*voltage 
distribution on the surface would possibly have two incoming 
circuit-breakers, and earth-leakage protection might be fitted on 
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these. Earth leakage on incoming feeders is 
not an advantage as an earth fault on one 
outgoing circuit will shut down the whole 
board, and further, if»there is a considerable 
difference in the currents in the outgoing cir- 
c U its, it will not be possible to give the 
requirements of circuit interruption with 
15-amp or 5% fault current, whichever is the 
greater. 

The essential requirement of the proposed 
amended Regulations is that every part of 
.the system shall be covered by earth-leakage 
protection. It is not intended that in the 
event of an earth fault that circuit only in 
which the fault occurs shall be isolated, pro¬ 
vided that the sensitivity of the protection 
provided for the system as a whole is adequate 
for the branch circuit or circuits. In the 
discussion on these proposed amendments to 
the Regulations, Mr. Horsley cites a case to 
illustrate the inadequacy under certain con¬ 
ditions of leakage protection at the origin of 
the system only. 2 

A setting of 7-5% at (a) provides 15% 
protection for the circuit at (b), but for the 
other circuits (c), (d), (e) and (/) the pro¬ 
tection thus provided at (a) would represent 
30%, 75%, 75% and 150% respectively (see 
Fig. 6). 

To -provide 15% protection for the circuit 
at (f) by means of leakage protection at (a) 
"only would require a setting of 0-75% at (a). 
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(10) EARTHING 

(10.1) Earthing Metallic Structures 

Regulation 20 of the “Report of the Com- Pip 

mittee on the Amendment of the General 
Regulations Governing the Use of Elec- 
tricity in Mines under the Coal Mines Act” deals with the ques T 
tion of earthing. Metallic structures that are required to be 
connected with earth shall be connected to one or more earth 
electrodes at the surface of the mine, by means of earthing con¬ 
ductors. The earth electrodes provided for this purpose “shall 
be constructed and maintained so that the resistance between 
the electrodes and the general mass of earth does not exceed 
2 ohms.” It is quite usual and permissible to use a number of 
♦electrodes such as pipes buried in the earth and connected 
together in such a way that the resistance of the whole arrange¬ 
ment does not exceed 2 ohms. . . 

Fig. 7 stfows a general arrangement for earthing at a mine. 
An earth bar is run round the substation and behind each switch¬ 
board, to are connected all those metallic 

structures requiring to be earthed. The same earth bar is also 
taken outside the substation for connection to the neutral point 
of the secondary of the transformers. Three links are shown in 
the connections to the electrodes. These are to facilitate testing, 
as by opening two links the resistance of two of the electrodes 
can be#tested while still leaving the system earthed. 

The armouring of the cables is also connected to this earth 
system, and it is through this armouring that metallic structures 
underground, which are liable to be charged by contact with live 
parts*, are connected to earth at the surface of the mine. 

A further point to note is that if the substation is fed by 
overhead lines from a generating station the earth system will 
be connected back through the earth conductor and the armour- 


\ /Brass Strap Between Copper and 
A-^Zcast Iron to Prevent Corrosion 

TWO 9"DIA. CAST-IRON 
Pipes 9^0'Long With 8 l 0‘in Ground 

Fi g> 7.—Earthing system on colliery surface. 

ues- ing of the cables to the earth plates along the route of the over- 
be head line and to the earth at the power stations, 
irth 

: on “ (10.2) Earthing Outgoing Fefeders 

nail , 

, een Regulation 31 (rf) of the above Report reads;— 

;eed “For the proposals of paragraph (c) of this regulation, struc- 
r of tural provision shall be made in the switchgear controlling the 
cted circuit, whereby the conductors may be connected with earth 
nge- without danger to the operator.” - . 

The conductors cited under paragraph (c) include the proviso 

line, “if the voltage of the circuit exceeds 650 volts.” 

itch- This means that on all circuits above. 650 volts structural pro- 

allic vision must be provided in the switchgear. This requirement 
also has up to now not been treated with the consideration that it 
oint deserves. It is usual to make provision ini draw-out switchgear 
n in for some extension plugs to be provided whereby the outgoing 
ting, feeder may be connected to earth, but these extension plugs and 
odes the associated earthing arrangement are difficult to fit and their 
design has not altered since M.D. Circular No. 23 was issued 
sarth in' 1927; To ensure that earthing is carried out properly when 
ures a repair is being undertaken and time is short, it is essential that 
i live an efficient and easily applied earthing device be provided. 

Furthermore, it is not clear whether extension plugs come under 
1 by the category “Structural provision in the switchgear.” . 
will With non-drawout switchgear it is simple to provide an. 
i 0Ur . isolating switch with “on,” “off” and “earth” positions, although 
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it is strongly recommended that the isolation should be visible 
to ensure that all three blades engage. 

With draw-out switchgear of the truck type, where clearances 
permit, it is recommended that an earthing switch be included 
inside the truck portion. The procedure would be to withdraw 

Percentage volt drop 



horizontal spacing. This is a standard design, and many miles 
of overhead line with this construction are in service in South 
Wales. One of the objections to an H-pole construction, par¬ 
ticularly in hilly country, is the cost of erection and the necessity 
for an extremely accurate profile of the route. On the other 
hand, any flat spacing of conductors permits 
the spacing to be readily increased where 
exceptionally long spans are called for by the 
profile of the route. The flexibility due to' 
suspension insulators is also claimed as an 
advantage. 

An alternative suggestion is here put for¬ 
ward for a single-circuit wood-pole line using 
post-type’ insulators and a delta spacing. The 
same design could also be used for 11-kV and 
22-kV lines, and there seems little advantage 
to be gained by altering the spacirfg. Details 
of the cross-arm are given later. 

(11.1) Carrying Capacity 

The standard method of calculation for 
voltage drop as applied to short lines is ade¬ 
quate for the distances under consideration, 
and has been used throughout. 

In Fig. 8 curves have been drawn to show 
the MVA-miles which can be transmitted by 
different sizes of conductors at different 
voltages for voltage drops from 5% to 10%. 

The right-hand extremity of these curves 
gives the maximum MVA which can be 
carried for a 72 deg F temperature rise. 

.The curves have been calculated on the basis - ' 
of a 60-in spacing. . 

(11.2) Influence of Spacing of Conductors 

The influence of spacing on the impedance 
per mile and, therefore, on the voltage drop, 
is shown in Table 4. The impedance at 60-in 
spacing is taken as unity. 

Referring to the curves drawn in Fig. 8 
for MVA-miles for three 11-kV, 0T5 in 2 


the truck, close the earthing switch inside the truck, re-engage Table 4 

the truck and close the breaker, at the same time rendering it -—-----r-—r---- 

non-automatic. Spacing, in • 30 36 42 48 54 60 66 72 

On compound-filled metal-clad gear of the flame-proof type —-—-—-----—————- 

up to 25 MVA it is possible to obtain switchgear with an internal o-05 in 2 0-964 0-973 0-98 0-987 0-995 1 1-00^ 1*011 

earthing switch,but above this size there is insufficient room to 0-075 in 2 0-941 0*955 0-969 0-981 0-99 1 J‘9? 7 . * 

accommodate an earthing switch of suitable size in the tank. Q.\y Ln 2 q-906 0-941 0-951 0-97 5 0-986 A 1-012 1-027 

A better arrangement than the extension plugs already referred o*2in 2 0-894 0*921 0-945 0-966 0-984 1 1^016 1*029 

to would be to have a separate earthing switch on its own _ J_ __ '■ 

carriage, which could be racked-in in place of the feeder breaker 

requiring to be earthed. The best solution to ensure that the conductors, for example, 5 % voltage drop is 0 • 55 kV with an 
Regulation is carried out with safety is to provide an earthing equivalent impedance of unity. For a spacing of 36 in* the 
switch with each breaker, and the attention of switchgear de- equivalent impedance would be 0*941 and the voltage drop, 
signers is called to this important requirement. therefore, 518 volts or 4*7%. Corresponding to a 10% drop 

for 60-in spacing the drop for 36-in spacing would be 9*4%, for 
(11) THREE-CIRCUir OVERHEAD LINES 0*15 in 2 or 9*2% for 0*2in 2 . The error in selecting the 

In their .paper “Standardization in Great Britain of Single- MVA-miles from these curves will not be sufficient, therefore, 
Circuit Overhead Lines up to 33 kV” 3 Messrs. Taylor and May, to influence the size of conductor. 

make a strong plea for standardization of overhead line con- These figures also illustrate that there would, be very little 
struction; Wiffi^ agreement. A few existing objection to standardizing on one cross-arm for 11 kV, 22 kV 

designs are illustrated in thatpaper, and the stnki^ thm 33 kVw 22 kV is included in these considerations 'as a 

all these designs is the flimsiness of the construction of the cross- humher of collieries still use this voltage, although from the 
arms. The 33-kV construction advocated is a wopden H-pole point of view of standardization 22-kV transmission should be 
with suspension insulators and the conductors in the same eliminated. • \ 


Spacing, in * 

30 

36 

42 

48 

54 

60 

66 

72 

0* 05 in 2 

0-964 

0-973 

0-98 

0-987 

0-995 

1 

i-ooi 

1*011 

0-075 in 2 

0-941 

0*955 

0-969 

0*981 

0-99 

1 

1-007 

1-017 

0-1 in 2 

0-926 

0-945 

0-961 

0-975 

0-989 

1 

1-01 * 

1-021 

0-15 in 2 

0-906 

0-941 

0-951 

0*97 

0-986 

A 

1-012 

1-027 

0*2 in 2 

0*894 

0*921 

0-945 

0-966 

0-984 

1 

1^016 

1-029 
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(11.3) Length of Span 

Length of span or, more accurately, dip determines to a large 
extent tfee conductor spacing, and here again there is no standard 
practice in this country The Cable Research Handbook (vol. 
II) recommends 26 in for voltages up to 11 kV, and 38 in for 
33 kV, without any reference to span or dip. A reference is also 
made in the C.M.A. Handbook to a German formula which re¬ 
lates the spacing to dip and voltage but gives higher figures than 

are current practice here. 

It is not necessary to have a different value of conductor 
spacing for every variation in dip and voltage, but it would be 
preferable to select a few standard pole-top fittings and to specify 
the dips for which they could be used. Up to 33 kV 

die voltage would not greatly influence the choice. 

(11.4) Influence of Span Length on Cost 

A careful comparison has recently been made for an actual 
transmission fine with three 015 in 2 conductors, a route length 
of approximately 3 miles and a voltage of 33 kV between a light 
cross-arm construction with span lengths not exceeding 380 ft, 
and a more robust cross-arm construction and span lengths up 
to 600 ft. In the first instance, ordinary pin-type insulators with 
1000-lb spindles were included, and in the second instance post¬ 
type insulators with 2 800-lb spindles. Details of the costs of 
the two lines at present-day prices are given in the Appendix. 
For the comparison the line was laid out in each case on the 
profile to select the best position for the poles and to take full 
advantage of the contour of the route. The stronger cross-arm 
construction is illustrated in Fig. 9. 

(11*5) Design of Cross-Arms and Failures due to Icing 
• The design of cross-arms and the possibility of their stan¬ 
dardization is a subject which demands attention. 

During the ice storm of 1940 hundreds of cross-arms were 
twisted beyond repair owing to broken conductors. Very few 
cross-arms are designed to withstand the stress if one conductor 


breaks. Although the breaking of a conductor is an unlikely 
occurrence except during very severe weather conditions, the 
majority of cross-arms seem altogether too flimsy, and will 
usually twist in the direction of the line before a pin-type insu¬ 
lator will bend its spindle. Just how far twisted cross-arms 
relieved the stress on the masts themselves is difficult to say, as 
where conductors broke due to ice loading the mast usually 
collapsed at one point or another. Some towers collapsed 
without much damage because of inadequate foundations, but 
the majority of steel lattice masts gave way at a point about 
two-thirds of their height above ground. 

All types of masts suffered and, owing to the variety of con¬ 
structions in use, it was not possible to say whether,, one par¬ 
ticular design would have fared better or worse had the direction 
of wind on that particular line been different. In some instances 
the cross winds certainly have caused conductor failures which 
would not have happened due to the ice loading alone. 

One Kay pole line came down with particularly disastrous 
results, and it was found on examination that the locating pro¬ 
jection on the upper vertical member which fits tightly into one 
of the four legs had broken off in each case. The justification 
for the Kay pole design, which needs considerable maintenance 
both for painting and inspection of the stays, was never really 
apparent except in very remote and mountainous countries where 
the Kay pole would be easy to transport. 

The suggestion put forward by the late Mr. Borlase Matthews 
to standardize on a pressed-steel or plastic cross-arm for 
3-wire lines fitted with pin-type insulators is interesting and will 
no doubt be followed up after the war for use with fight fines 
up to, say, 11 kV. ' 

Fig. 9 shows the design of the cross-arm already referred to 
which has been adopted for a 33-kV, 3-circuit, 0-15-in 2 overhead 
line. It consists of a 5in diameter pipe with flattened ends to 
take the insulators, and welded on to the back of a channel. 

This cross-arm has been tested when fixed in position on an 
8£in diameter pole-top with a pull of 2 8001b applied at a 
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leverage of 17 in corresponding to the height to the conductor 
groove of a 33-kV line post insulator. 

The load was applied in three directions as follows:— 

ici) Longitudinally in the direction of the line to represent the out- 
of-balance pull, due to, say, a broken conductor. 
ib) At right angles to the line to -represent wind loading. 

<c) Vertically downwards to represent a dead-weight load due to ice. 

No sign of permanent deformation could be detected in any 
of these tests, and no damage was sustained by the pole surface 
or by the bolts which attach the fitting to the pole. There was 
no movement of the fitting relative to the pole. 

The usual design of cross-aims made from 4in x 2in channel 
or 3in x 3in angles and used with pin-type insulators with 
1000 -lb spindles will hot withstand, without permanent twist, 
a pull of more than 4501b in the direction of the line at a. 
leverage of 14^ in, which is the height to the conductor with a 
standard 33-kV pin-type insulator. 

In addition to the great strength of the fitting illustrated, it 
has the advantage of being fixed to the pole by only two bolts 
and is self-aligmng owing to the upright channel member gripping 
the pole surface. This grip also prevents any large out-of¬ 
balance pull from tilting or twisting the fitting from its original 
position, while at the same time preventing any tendency to split 
the pole. No notching or machining of the pole is required 
beyond drilling the two fixing holes. 

The post-type insulators used have a strength of 2 800 lb, so 
that, when used with the fitting described above, a stronger con¬ 
struction is obtained and longer spans are possible, thus effecting 
fbe economies indicated in the Appendix. 

(12) OVERHEAD LINE REGULATIONS 
After the very severe ice storms of 1940 and 1941 attention 
was focused on the Overhead Line Regulations, which, as is well 


known, stipulate that the working, load in conductors shall not 
exceed half the breaking load when they have a covering of ice 
equal to a radial thickness of § in at a temperature of 27? F and 
are subjected to a wind pressure of 8 lb/ft 2 calculated on the 
whole of the projected area of the ice-covered line. 

For low-voltage lines the same Regulations apply except that 
a covering of ^ in radial.ice is stipulated instead of § in. 

. Many suggestions have been put forward for a revision of the 
Regulations, 4 and it is to be noted that in countries where ice 
loading is to be expected, e.g. America and Sweden, the regu¬ 
lations, grade the ice loading to suit the localities. This seerrjs 
a more rational basis than grading on a basis of voltage according 
to the Electricity Commissioners’ Regulations. 

Experience gained, in the ice storms mentioned above proved, 
as was to be expected, that vulnerability varied directly with 
altitude, but at the same time the direction of the wind had a 
noticeable effect. Obviously if the line was running in the direc¬ 
tion of the wind at the time of the trouble, it was much less 
likely to fail than a line at the same altitude at right angles' to 
the. wind. New lines erected in South Wales since the ice 
trouble have endeavoured to avoid high contours even at the 
cost of a considerable increase in the length of the line. Owing 
to the nature of the country, however, it is impossible to avoid 
crossing some of the ranges of hills which divide the valleys, and 
the altitudes at the top ends of the valleys are sufficiently high to 
cause ice formation. Some ice formation occurs nearly every 
year. 

Table 5 shows a comparison between the sags in three sizes of 

conductors,01,015and0-2in 2 for ice loadings off inand § in. 

All calculations are based on a factor of safety of 2. Figures 
are also given for the weight of ice to break these sizes of con¬ 
ductors when erected to meet the specified conditions. The* 
effect of imposing a f-in ice loading, for example, for altitudes 
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over 800 ft would be to reduce the span lengths for the same 

Sa prom the Table it will be noted that, according to the Regula¬ 
tions tt 0-15-in 2 conductor would be sagged up to 11-7 ft at 
60° F with no wind ahd no ice, but under these conditions it 
would require only 2-62 lb/ft of ice to break the conductor If 
the Regulations were altered to demand an ice loading of fin 
radial ice at 22° F with 8 lb/ft 2 wind pressure above a contour 
of say 800 ft, the maximum span length for the same sag at 60° F 
would’be approximately 420 ft, and the weight of the ice to 
break the conductor would be about 4-75 lb/ft. 

For level country, if the normal erection sags were limited to 
10 ft at 60° F, the limiting spans would be approximately:— 


(3) H. W. Taylor and K. L. May: “Standardization in Great 

Britain of Single-circuit Overhead Lines up to 33 KV, 
Journal I.E.E., 1943, 90, Part II, p. 233. „ 

(4) J. McCombe: “Amend the Overhead Line Regulations, 

Distribution of Electricity , 1942,15, p. 28. 

(15) APPENDIX: COMPARATIVE COSTS OF SINGLE- 
CIRCUIT OVERHEAD LINES 

(15.1) Construction Incorporating Cross-Arm shown in Fig. 9 

Terminal Pole. 

Fittings 

Erection . 


Conductor, in- • .• - 
Span length (J in radial ice), ft 
Span length (? in radial ice), ft 


0-1 

0*15 

0-2 

520 

550 

600 

390 

425 

475 


* 

Some such revision is recommended as it would give a greater 
margin of safety at high altitudes. Cross-arms and poles should 
be designed to give equivalent strength. If the Regulations were 
altered in this way to give different tensions in the conductors 
at different altitudes, it would be necessary to have straining 
points before altering the tension in the conductor. 

(13) CONCLUSION AND ACKNOWLEDGMENT 
The magnitude of the potential colliery electrical load should 
be given full consideration in any plan for the generation, trans¬ 
mission and distribution of electricity in any industrial mining 

' ^Electrification of the collieries in any area would be simplified 
and cheapened by more standardization of the sizes of units 
adopted. Standardization could be applied with advantage to 
switchgear, transformers, compressors, haulages, winder drums, 
transmission-line cross-arms, cable sizes, voltages, etc. 

The subject of pit-head generation has been touched on in 
this paper only in so far as it affects the general problems of 
transmission and distribution, but it is one which demands full 
and thorough technical investigation in all its aspects, and in 
relation to the location of washeries, existing generating station? 
and transmission lines, coal freights and other local industrial 

loads. • , • 

Having weathered two major wars and a long intervening 
period of depression, the mining industry, which is still one of 
our major material assets, should now be modernized and re- 
, equipped to a uniformly high standard in order to be able to 

cope with post-war problems. . ■ T c ■. 

The author wishes to thank Powell Duffryn, Ltd., for per¬ 
mission to*publish this paper. 


H-angle Pole with Post-type Fly-over Insulators. 

Fittings .... .. .. *• 

Erection .. .. 

Intermediate Straight-Line Pole. 

Fittings .. 

Erection .. -. • • 


Cost of Line. 

2 terminal-pole fittings as above .. ... 

31 intermediate straight-line pole-top fittings as 
above .. • • 

5 angle-pole fittings as above 
Wood poles .. . ■ • • 


£74 

3s. 6d.. 

£20 

0s. Od. 

£94 

3s. 6d. 

£27 19s. 3d. 

£17 10s. Od. 

£45 

9s. 3d. 

£12 

4s. 6d. 

£10 

0s. 0d. 

£22 

4s. 6d. 

£188 

7s. Od. 

£691 

19s. 6d. 

£227 

6s, 3d. 

£399 

16s. 9d, 

£1 507 

9s. 6d. 

£1 170 

0s. Od. 

£2 677 

9s. 6d. 

£535 

9s. 8d. 


Supervision and engineering, 20 % .. —• 

Total .. .. ... .. £321219s. 2d. 

Cost per mile for 3 * 05 miles—-£1 052 

(15,2) Lighter Construction with 1000-Ib Insulator Spindles 
Fittings for, and Erection of. Terminal Pole. 

As above V. 


£94 3s. 6d. 


£611s. 3d: 
£10 0s. Od. 


Fittings for H-angle Pole with Ordinary Pin-type Fly-over Insulators 
Otherwise as above .. •• • : •• ** *' S ’ 

Intermediate Straight-Line Pole. 

Fittings 

Erection .. *• • * * • 


Cost of Line, ; 

2 terminal-pole fittings as above • • • • u v : 

56 intermediate straight-line pole fittings as above 
6 angle-pole fittings as above .. 

2 long-span H-poles .. .. • • 

Wood poles . v ... . • • > • *; ;■ 


Copper as above •.* 

Supervision and engineering, 20 % 


Total ;.. /y : : ■ • - 

Cost per mile for 3 *05 miles—£1180 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, *IH FEBRUARY, 1944 

Mr* J. A. B. Horsley : Excluding pit-hpad generation (literally), 
it Mot clear how transmission fines over exposed UMngro 
be avoided in » centralized supply for groups of » 

view of the duplication of sources of supply and transmission 
lines essential for continuity of service. 


£16 11s. 

3d. 

£188 

7s. 

Od. 

£927 

10s. 

Od. 

£258 

13s. 

6d. 

£67 

10s. 

6d. 

£387 

6s. 

3d. 

£1 829 

'7s. 

3d. 

£1170 

0s. 

Od. 

£2 999 

7s; 

3d. 

£600 

0s 

. Od. 


£3 599 7s. 3d. 


V* i/.- . 7 .: 

The author states that the South Wales coalfield ^differs from 
other mining areas in two important respects—namely, the heavy 
pumping load and the extensive use of compressed air. As to 
bumping, the horse-power of electric motors allocated to that 
purpose in 1938 amounted to 19-4% of the total horse-power of 






288 


METCALF: TRANSMISSION AND DISTRIBUTION OF ELECTRICITY TO MINES: DISCUSSION 


motors installed at all collieries in Great Britain; while the compar¬ 
able figure for South Wales was 18-8%, and for Scotland 33 • 2%. 
With regard to compressed air, this it appears is responsible for 
' a relatively extravagant use of power which the author suggests 
could be reduced to one-fourth or one-fifth if direct electric 
drive were substituted. In an analysis of the probable con¬ 
sumption of energy in a group of completely electrified collieries, 
the author allocates 15-75 kWh/ton for compressing air and 15-84 
kWh/ton for pumping, ventilation and winding added together. 

Mechanization of the coal face in 1938, as measured by the pro¬ 
portion of the total output obtained by machine mining, is shown 
by the following figures: coal cutting, 57-9% for Great Britain,- 
25-8% for South Wales; coal conveying, 53% for Great Britain, 
43-9% for South Wales. Of the machine-cut coal, 70-6% was 
credited to electricity for Great Britain and 18-4% for South 
Wales. Of the coal conveyed, 63% was credited to electricity 
for Great Britain and 8% for South Wales. These figures speak 
for themselves. 

The author desires to rationalize the ratings of circuit-breakers 
and transformers. He may succeed for his own group; if he can 
carry the whole industry with him he will have secured a notable 
triumph. 

The author refers to earth-leakage protection. This is pri- 
marily an insurance against fire risk in the mine. He points out 
certain objections, of an economic rather than of a technical 
nature, to applying selective leakage protection to the sur face 
installation. I am not sure, however, that he will secure selective 
isolation of a faulty circuit by the substitution of h.r.c. fuses, or 
by reliance upon normal overload protection; but it may be that 

• the fire risk above ground can be discounted. 

Mr. H. V. Pugh: Hie author’s suggestion of having a number 
of small stations quite close to the concentration of collieries is 
a good one, and could be worked quite well in South Wales. 
There appears to be no objection to having single-unit, single- 
boiler power stations situated on the six main rivers in the dis¬ 
trict, so that they could work without cooling towers, and their 
position could be such that they could reach most of the collieries 
by overhead lines up the valleys. That would be better done 
however, by the power company in the area. 

The author’s estimate of the saving possible by colliery elec¬ 
trification is on the conservative side, for collieries are rather 
liberal m their use of coal. 

,¥ r ; i G - 111 Section 5.3 the question of parallel r unnin g 

with the Gnd is mentioned. I suggest that very careful con¬ 
sideration^ necessary before connecting a colliery grid to the 
National Gnd, as there are many disadvantages in this. With a 
self-contamed system as indicated in Fig. 5, there is no need to rely 
°" d ^continuity of supply; the six stations 
shown should be quite sufficient reserve capacity without coupling 
totheGridanHflilsn__ • /»., . 


No mention is made how this Colliery grid would be operated 
Section 6 refers to the possibility of exporting large bulks of 
power from the South Wales coalfield. For this, large power 
stations would be required which would probably negative any 
suggestion of a separate colliery grid. ' y 

8 ^ a “*or says ffiat, assuming 500 MVA on the 
? ky ^ars tod 7 • 5 / 0 transformer reactance, the corresponding 
on the 3-3-kV bars would be 69 MVA with 
-?°^ VA transfon ? ers ® chcuit. I agree with this figure 
to the 15-MVA transformers on the 
3-kV bars, and thp 3 000-kVA transformers have approximately 
fi v^ 06 ' ^hf author further says that these figures are 
for a colliery without generating plant, but where there is 
generating plant, as shown in Fig. 4,-the short-circuit on the 
3 3-kV busbars would be 61 MVA, actually less than without 
g neratmg plant. I calculate that the short-circuit on the 3 - 3.-kV 


busbars with a 15-MVA generator having, say, 10% reactance 
would be 87 MVA, not taking into account other synchronous 
plant. I suggest that a figure of 75 or 87 MVA is high for 
3 • 3-kV switchgear, and too high for the average colliery scheme. 

I agree that the maximum breaking capacity of mining switch- 
gear proper should be kept down to a figure of 25 MVA, and if 
we attempt to bring the short-circuit current down from 75 MVA 
to 25 MVA by means of cable impedance or external reactance 
the voltage drop will be excessive. 

The author’s views on the standardization of switchgear are 
appreciated. Greater standardization has been effected in the 
flame-proof gear than with any other industrial gear, due pri¬ 
marily to the necessity for a flame-proof certificate and the 
willingness of the users to accept the minimum of attachments 
such as watt-hour meters and special relays. Whilst on the sul> 
ject of standardization, it is opportune to mention the proposed 
new Regulations regarding the design of switchgear for use under¬ 
ground. Section III, p. 5, states that “there shall be a positive 
requirement that all such apparatus shall be maintained in* a 
safe condition and that the opening of any flame-proof enclosure 
where this would expose live parts to the atmosphere, shall be 
specifically forbidden, in places where flame-proof enclosure is 
required.” This proposal has had a very great effect on switch- 
gear, and means, in effect, that almost all the existing gear of 
the draw-out type must be redesigned in spite of the fact that it 
has given very satisfactory service. 

In Section 9 the author refers to the use of h.r.c. fuses and 
points out the difficulty with regard to earth leakage with fuse- 
gear. My own experience points to the necessity for earth-fault 
protection, particularly on all low- and medium-voltage systems 
I am glad to see that the author deals with the subject of 
earthing (Fig. 7). It is not generally realized that adequate* 
earthing of apparatus is more important on low-voltage systems 
than on high-voltage systems, as there is so little voltage available 
to produce fault currents sufficiently large to operate the pro¬ 
tective devices. 

Mr. J. R. Cowie: Section 3 shows that it is advantageous to 
electrify the colliery as a whole; yet the problem varies with each 
colliery. I feel that the author’s figures for the totally electrified 
colliery show that in it alone the maximum efficiency may be 
expected. • 

In Section 4 the author refers to the importance of continuity 
of supply. The consideration of all that may happen to a col¬ 
liery if there is a total cessation of the supply of electricity, is a 
much more powerful argument for continuity of supply than any 
cash criterion. 

I am disturbed by the suggestion that a colliery or a group of 
coUienes should generate its own electricity; that policy has been. 
ffie bugbear of electricity generation in this country. People 
have been permitted to generate electricity who should never 
have been allowed to do so and this has delayed th«f realization 

advantages which the planners foresaw from the creation 
of the Grid. t 

I have on previous occasions suggested that the time would 
come when 20 000 or 30 000 volts would be used for distribution 
big cities. Other countries are thinking of 
110 000 or 132 000 volts, not on main trunk lines but on distri- 

iri°mn a ,* m s ° m ® towns “ dns country it is thought that 
132 000 volts will be necessary for main distribution to .keep 
the supply going. In three countries about 300 000 volts is 
f55. n8 ^ pplie f. t0 . i the ma in busbars, with voltages of 110000 to 
132 000 on distributors. Since it is suggested that a. group of 

oS e ^ eS K n° Ul r t 156 ™* 4 to generate electricity and take it 
over the hills of Wales, jt is obvious that the main power-supply 
schema must bear these possibilities in mind. 

Regarding switchgear, we should take a larger view of the 
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matter. In various parts of the world, flame-proof switchgear 
complying with our latest regulations is being put underground; 
its rating is 6 600 .volts, giving an output of 50 MVA. More¬ 
over attempts are being made to build switchgear to deal with 
75 MVA for use underground. In the coalfields where this 
switchgear is being put in, the coal seams are 30-50 ft thick, as 
against many 9in seams of Scotland and 3—4ft seams in Wales. 
Everything depends on the individual pit, and no one answer 
applies to them all. 

I am perturbed by the suggestion that a 410-volt switch has 
normally to carry 3 000 or 4 000 amp, 410 volts. With short- 
circuit amperes of about 43 000 for 25 000-MVA rupturing capacity 
this is not encouraging from the point of view of the switchgear 
designer and indicates changing to a higher supply voltage. 

Mr. R. C. Andersen: The author has done a great service to 
the industry by pointing out that when the consumer is an im¬ 
portant all-electric colliery company the loss of a morning’s 
shift through a failure of electric supply can cost the company 
no less than £1744. The supply company’s loss in the circum¬ 
stances specified is no more than £131. 

For a long time I have been pleading that transmission-line 
design per line should be inspired by the potential overall cost 
per outage. Clearly, potential outage cost should determine 
design; I call this determination the rationalization of line con¬ 
struction. On the other hand, to standardize for standardiza¬ 
tion’s sake may seem very impressive technically, but economi¬ 
cally it can be disastrous. With this thought in mind, it is not 
surprising that the author after paying such respect to stan¬ 
dardization as convention demands, flatly rejects—for colliery 
supply*in his South Wales area—-the designs advocated by 
Messrs. Willott Taylor and May in their paper “Standardization 
m Great Britain of Single-Circuit Overhead Lines up to 33 kV.”* 
He uses in their stead the construction shown in Fig. 9 and 
described in Sub-sections 11.1 to 11.5 of his paper. Here each 
component is much more costly than the cost of the components 
advocated by Willott Taylor and May, but the Appendix estab¬ 
lishes that none the less a saving per mile of £128 is obtained 
with the author’s construction. Additional gains are puncture- 
proof insulators, high-efflciency insulation under deposit condi¬ 
tions, an insulator strength of 2 800 lb, a pole-top construction 
strength of 2 800 lb, a marked decrease in insulator hazard by 
the simple process of using longer spans, and increased ability of 
the construction to withstand ice storms, gales and the like. A 
disadvantage is the unique circumstance that the insulators are 
not amenable to periodical live-line testing. Against this can 
be set the very comforting fact, that over a period exceeding ten 
years, replacements of these insulators per annum have been at 
Ihe remarkably low level of 0*016%. 

Though the author’s transmission-line recommendations are 

specific to cjplliery electrification in South Wales, the principles 
underlying these recommendations are, in my view, of such vital 
importance that they deserve the fundamental recognition that is 
their due. They underline what I submit should be accepted as 
an axiom. First* determine the potential cost per outage to 
supplier and consumer combined on a given transmission line, 
then design that line to the outage cost. . o 

Mr. A. R, Cooper: In his overall classification of the South 
Wales group, the author points out that, if all the collieries m the 
area ux?der consideration were completely electrified, the 
demand would be about 270 MW with a load factor of about 45 %» 
This is equivalent to the output of a good-sized modem station. 
The chief "objections to locating all the generation on one site, 
particularly for this type of load, are (a) unreliability of the 
transmission system, and (b) the need for using the lowest grades 
of fuel at the pit-head wherever possible. 

* Journal 1943, 90 , Part II, p. 233. ^ 


Where security is of such vital importance and where most 
interruptions of supply are due to weather conditions, there would 
seem to be a strong case for interconnecting collieries by under¬ 
ground cable instead of by overhead line. It may be noted that 
the London cable system, which is chiefly at 66 kV, connects a load 
rather bigger than that specified by the author. It covers an 
area of some 250 square miles and has a security of almost 100%. 

When discussing the use of low-grade fuels, the author in 
Section 3.1 refers to a consumption of 1*5 lb of coal to deliver 
1 kWh at the 3 * 3-kV busbars. One can only conclude that this 
must be particularly good coal, and this impression is supported 
by the statement in Section 3.2, where he refers to coal having a 
calorific value ofl2 000 B.Th.U. This fuel is far better than the 
coal normally carried hundreds of miles to selected stations. In 
Section 7.3, reference is made to a coal price of 12s. 6d. a ton. 

I should be glad if the author would indicate whether this price 
applies to the coals referred to above, and if so what quantities 
are available. I thought that the strong case for pit-head 
generation was that it made possible the burning of such low- 
grade fuels as slurry, fines and anthracite duff which were not. 
worth transporting. There is no difficulty in designing plant 
specially to burn these fuels; in Australia, fuel having a calorific 
value of some 3 000 B.Th.U./lb is being satisfactorily burnt. 

In Section 5.3, the author recommends parallel operation with 
the Grid system, and suggests that the local colliery plant be 
given base load, and that the peak loads be taken from the Grid. 
This question is too big to be treated as a side-issue, but as a 
generalization one can say that the most uneconomic way of 
buying power from the Grid is to buy it for peak-load purposes; 
the whole of the maximum demand charges are accepted and 
very little benefit is derived from the low unit charge. I can 
understand the author’s anxiety to have all plant running on 
base load, but when a large interconnected system is being 
operated the problem of dealing with the low night loads has to 
be considered from the practical, as well as the economic, angle. 
Many of the largest machines are unsuitable for operating on a 
two-shift basis, and have therefore to be run through the night. 
The total night load is so small that the loads which can be 
given to these machines might be dangerously low, and any pro¬ 
posal to generate night load on smaller machines will only add 
to these difficulties. 

The ideal plant for small-scale pit-head generation would 
seem to be quick-starting turbines and boilers working on a two- 
shift basis, the boilers being designed to burn the lowest grades 
of colliery refuse. If this plant were , used for taking care of 
peak-load variation and if the pumping load could be concen¬ 
trated into the night shift and imported from outside sources, the 
arrangement would probably give the greatest financial benefit 
to the colliery system. This suggestion does not, of course, cover 
the much more ambitious scheme of providing block exports 
from the coalfields into a national network. Such a proposal is 
certainly worthy of close examination but, as I suggested earlier, 
its consideration would appear to be outside the scope of this 

D. M Rait: The substance of the paper is really a question 
of colliery generation versus Grid generation; Low-grade fuel 
at collieries generally has no market value as it probably con¬ 
tains up to 30% ash and has a high moisture pontent. Such fuel 
canbe utilized, if 

if ndt in this way it has to be dumped. If the whole of the 
electricity supply for collieries were purchased from the Grid, the 
disposal of this very-low-grade fuel would present a problem. 

On the question of continuity of supply, the author has dealt 
only with the financial aspect. What concern the colliery manage¬ 
ment are the repercussions resulting from the supply failure. A 
failure may.involve withdrawal of the men from the pit, and where 
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Ilgner flywheel generators are employed a stop of 20 minutes 
will cause the flywheel set to lose so much speed that the bearings 
are not properly lubricated; the brake then has to be applied to 
the flywheel and the set shut down. Under such conditions, it 
may be hours before the set can be restarted and winding resumed, 
even though the supply has been restored in the meantime. 
Fortunately, this is a rare occurrence. 

Can the author state what type of protection is in use on the 
transmission line interconnecting collieries in South Wales, a 
point not mentioned in the paper? One trouble experienced is 
with transient faults on the transmission line. It would be of 
interest to colliery engineers if the author would state what pro¬ 
tective gear is used, and if it is effective. 

Nfr. C. O. Boyse: I should like to mention two points con¬ 
cerning transmission-line construction which arise out of the 
paper. The first is the amount of ice loading to allow for in the 
design of lines to be erected in a district such as South Wales. 
This is a difficult problem, and it is doubtful whether the solution 
tentatively offered by the author, to design for f in of ice, instead 
of | in, would very much reduce the chances of breakdown under 
the extreme conditions experienced in 1940. In fact, it seems 
impracticable to make provision for such severe conditions at 
reasonable cost. 

Hie second point concerns the failure of the Kay poles. I 
believe these were erected in 1918, so that they had already sur¬ 
vived the rigours of the climate of South Wales for well over 
20 years—a good advertisement for their durability. I su gges t 
that the author is not quite fair to this type of construction when 
he says that the Kay pole needs considerable maintenanre The 
various parts of the poles are very effectively protected against 
corrosion—the stays being galvanized and painted, and the tubes 
dipped and wrapped with hessian impregnated with bituminous 
compound—so that although the capital, cost of Kay poles may 
appear to be high by present-day standards, such poles have' 
been found to give very many years’ service with little or no 
maintenance. 

Mr. H, Watson-Jones: The question of electric power for 
mechanized coal-mining is becoming increasingly important, and 
I feel that the ultimate solution regarding national fuel economy 
must be sought by examining the problem from the national 
point .of view. Without entering into the discussion of public 
bulk supply versus pit-head generation, it is most important to 
consider the economies which can be realized by complete 
electrification within the mine, irrespective of the source of the 
supply. Correlating the author’s figures with the findings of the 
1938 Coal - Commission regarding amalgamations, collieries may 
m future be grouped into units with an output of roughly 
5 000 000 tons per annum each with a maximum demand, if 
completely electrified, of between 30 000 and 40 000 kW. Such 
group power stations should, in my opinion, be operated by 
or linked to the Grid, thereby reducing standby. The progress 
in modern cooling-tower technique would make these stations 
less dependent on river sites, and enable them to be located near 
to the source of supply. The fact that, in 1938, the collieries 
burnt under their own boilers only 2000000 tons less than the 
total coal required for public electricity supply in the whole 
, country supports the author’s claim that an economic investiva-i 
tion shpuld be made into the general problem of pit-head or 
coalfield generation. 

The author’s consumption figures are exceedingly valuable 
The figure of 35 kWh per ton raised is on the high side against 
the average for the whole country, mainly because of the unique 
geographical features of South-Wales audits high compressed-air 
and pumping loads. A more average figure for the whole 
country would be 25 kWh/ton, while figures as low as 17 kWh/ton 
have been quoted. His estimate, on a heat-consumption basis. 


of 0-7 million B.Th.U./ton raised for all-electric operation 
appears very conservative. Taking an average of 25 kWh/ton 
for the whole country, and an average heat consumption*of, say 
15 000 B.Th.U./kWh in a modern power station, we get 
0-375 B.Th.U./ton raised, which is half the author’s figure. 
This, of course, neglects transmission losses and assumes that the 
generating station is close to the colliery group. In 1938, the 
collieries burnt 11-86 million tons under their own boilers to 
raise 227 million tons of coal. Assuming a calorific value of 
10 000 B.Th.U./lb, this gives 1-17 million B.Th.U./ton raised 
compared with the author’s figure of 0-7. Adding the fairly 
considerable amount of electricity imported as bulk supply, the 
figure is higher still. These figures indicate that more than half 
the coal at present consumed at the collieries might be saved by 
complete electrification if the generating plant were c entral^ 
into large, modern, efficient generating units. It is accepted that 
large stations could be designed for efficient high-pressure steam 

generation using the low-grade fuels available on the spot. , 

A complete change-over to all-electric operation of colleiry 
plant would, however, mean scrapping much serviceable boiler 
plant and other equipment, and as an interim measure con¬ 
sideration might be given to coal winding by the turbine-electric 
equalized system utilizing Ward-Leonard d.c. electric winders in 
conjunction with motor generators equipped* with flywheels and 
driven by geared turbines, thus removing the peaks from the 
existing boiler plant and extending its useful life. In any case, 
an investigation would show that by complete electrification of 
all collieries with grouped power supply, the annual saving in 
fuel alone should more than provide for interest and capital 
charges for such a conversion, if carried out on rationalized 
national lines. 

Mr. C. J. O. Garrard: The author has said that South Wales* 
may become a centre for the export of electrical power. I 
believe that this will happen to such an extent as to make some 
of the assumptions on which the paper is based no longer ap¬ 
plicable. The only way to meet the expansion of the country’s 
demand will be to build large generating stations in such areas 
as South Wales and the North-East Coast, where water and coal 
are plentiful. We may then see 2 to 3 million kW being exported 
from South Wales; this amount makes the author’s figures of 
about 250000 kW as the possible maximum demand at all the 
collieries in that district appear small. There will be a pro¬ 
found effect on the supply of electricity to the mines, since the 
power they -will consume will be only a small percentage of the 
power generated in the district. Pit-head generation will decline, 
and the economic utilization, of coal and of coal heat will become 
still more important than it is now. 9 

The electrification of an area such as South Wales cannot be' 
considered apart from the general social and regional planning 
of the district. If we are going to generate in South, Wales on a 
very large scale, general industry must also be developed, for the 
sake of regional balance, to utilize waste heat from the power 
stations, and possibly also the by-products from the coal. Many 
dirty and ugly colliery installations will have to be removed; 
existing stations will have to be replaced by a few large, clean, 
well-designed plants to which coal might he transported by means 
of conveyors. 

I should like to have the author’s long-term views on colliery 
switchgear. Does he think that 25 MVA and 3-3 kV 'will re¬ 
main the maximum for use underground and, if so, for how 
long? Coal faces are continually advancing, and it is only a 
matter of time before faces in adjacent collieries must meet; is 
there any possibility of interconnection underground, using 
voltages higher than 3-3 kV? Is there any future for air-idsulated 
gear underground in preference to' oil circuit-breakers for 
example? ■ 
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Earth-leakage protection is a very thorny problem, and to 
Obtain selective and rapid operation seems very difficult. Re¬ 
cently, I and my. colleagues have discussed whether more use 
could hot be made of the voltage-operated type of earth-leakage 
relay by sub-dividing the earth continuity into zones and putting 
one relay in each zone. 

If earthing of feeders has to be done regularly, proper apparatus 
should be employed. We have recently developed a mining unit 
for 3 kV or 400 volts to comply with the new draft regulations; 
in this an internal switch is used to disconnect the circuit-breaker 
from the busbars and connect it to earth so that the feeder may 
be earthed through the breaker. 

Mr. J. R. Harding: The design of cross-arm in Fig. 9 is certainly 
effective in providing torsional strength to resist unbalanced con¬ 
ductor tension, and lateral strength to enable the greater working 
load Capacity of post insulators to be developed, but I should not 
have thought that the author would prefer a long-span con¬ 
struction such as this for the severe conditions with which he 
has to contend. According to the figures in the paper, the hot 
sag in the first case is about 9 ft and in the second about 3 ft, and 
the amount of additional ice load which the conductor could 
stand without failure would be nearly double with the shorter 
span construction as shown by Table 5. If the conductor does 
not break, the increased strength of the cross-arm is not necessary, 
and if it does break, something must fail at the nearest support, 
unless every support is designed to withstand all conductors 
broken, which is impracticable on the grounds of cost. If, there¬ 
fore, the binder does not break or slip, either the pole foundation 
will 1 yield or the pole itself will break. In the case of rock 
foundations the latter possibility is quite real, and it would surely 
be easier to replace a broken cross-arm than to obtain a new 
► pole and erect it under severe weather conditions. I should 
provide the extra reserve of strength required by using spans of 
about 250 ft, as in the second case, and adopt a reduced conductor 
tension which, on the short spans, would make a broken con¬ 
ductor of 0-15 in 2 section a very remote contingency. 

I note that in the cost comparison in the Appendix the cost of 
erection of the intermediate poles is assumed to be the same for 
each alternative, and the same size of foundation baulk is used. 
When adjustment is made in these and other minor respects, I 
find that the cost of the shorter span construction works out at 
about £1 085 per mile, on the basis adopted by the author, so 
that the long spans would appear to show no very great saving. 

The fitting in Fig. 9 has one minor disadvantage in that it is 
welded before being galvanized, which always involves the risk 
of discontinuity of the galvanizing due to scale or impurities 
occluded in the welds. I can confirm that the method of attach- 
; ment terthe pole by means of two bolts and a vertical channel 
with the toes against the pole is very simple and satisfactory, as 
I have used it for many years. 

Mr. H. Willott Taylor: Mr. Andersen deprecates the use on 
the mountains in South Wales of the single-pole pin insulator 
design Df 33-kY line recommended by Mr. K. L. May and myselt 
in qut paper recently read before The Institution, So do I. Our 
paper suggests the alternative of a wooden H-pole, suspension tjye 
of line with horizontal conductor formation for higher altitudes 
or other similar arduous conditions. This is the type of lme 
would prefer to employ in the circumstances envisaged by the 
author especially where continuity of supply is of vital im¬ 
portance, I suggest that rather than spend more money on 
making the cross-arm very strong (far too strong, ur fact, tor 
wooden pole on which he puts it) the author wpuld be wiser ^ 
spend a little more in putting up a good H-pole suspension line 
and sa make supply to his collieries even more secure. 

I sympathize with him on his rmfbrtunate 
loading in 1940. Under such exceptional conditions, in which 


it is economically impracticable to try and forestall with certainty 
every possibility of failure, we have found it to be an advantage 
to have a cross-arm which is somewhat of a weaker link. It is 
easier to replace a few cross-arms than a series of broken poles. 

A suggestion is made that the Regulations might be modified, 
but I do not think this is necessary. The present Regulations are 
intended to be a minimum and should be treated as such. The 
parts of the country where particularly arduous conditions may be 
expected are within the jurisdiction of undertakers who can be 
relied upon to do as the author has done, namely to adopt higher 
factors of safety. 

As a rule ice loading seems to be either negligible or very 
heavy. Under these conditions, I agree with Mr. Boyse that to 
design for f in ice, instead of § in, would contribute very little 
towards taking care of heavy loading conditions. 

Line-post insulators have been used for many years in prefer¬ 
ence to the ordinary pin type on the 33-kV lines in Cornwall 
and South Wales, where salt or industrial deposits are experienced, 
and they have proved very satisfactory indeed. 

I agree with Mr. Harding about the author’s estimate of the 
comparative costs, I consider a straight cross-arm giving hori¬ 
zontal conductor formation would be cheaper and preferable to 
the author’s cross-arm involving a triangular formation of 
conductors. 

Mr. K. Dannenberg: The author refers in Section 9.1 to earth- 
leakage protection and switch- and fuse-gear. I presume he is 
aware that earth-leakage protection for switch-and-fuse gear has 
recently been developed quite successfully in the form of a small 
striker device which is sensitive enough to operate in conjunction 
with a core-balance current-transformer circuit. It resembles a 
fuse which operates a striker in consequence of the current 
setting of a chemical charge, and operates either mechanically 
against a trip bar or electrically against an auxiliary contact. 
This arrangement was originally developed in conjunction with 
fuse gear for the prevention of single-phasing. Reference has 
been made to the disadvantage of fuses for back-up protection 
in not being able to give such single-phasing protection, but I 
know of several types of switchgear on the market incorporating 
striker fuses which prevent this. . _ „ _ A 

Mr. P. B. Frost (communicated): It appears from Fig. 7 that 
a single earth-electrode system is used for earthing all metal¬ 
work associated with the h*.v. system as well as the neutral of 
the Lv. systemu This practice has for some years been regarded 
as dangerous, because an earth fault on the h*v. system is capable 
of raising the voltage of the earth-electrode system so much that 
apparatus on the l.v. network (which extends far beyond the 
resistance area of this earth system) will break down to earth 
proper Such occurrences are on record, particularly where the 
resistance to earth of the earth-electrode system is not very low. 

The spacing of 30 ft between the cast-iron pipes is probably 
great enough to avoid any appreciable overlapping of the re¬ 
sistance areas and so provides an economic layout for the earth- 
electrode system. A test of the resistance in the manner indi¬ 
cated would not, however, give the true values of the separate 
earth electrodes, nor give a measure of the resistance of thethree 
electrodes in parallel. To measure the separate and combined 
r^istances it would be necessary to have an auxiliary testing earth 
electrode at a much greater distance than 30 ft. Once the earth- 
electrode resistances had been determined, measurements between 
the three pairs of electrodes would give a ready check that no 
marked change in the condition oftheekctxodes had taken.pla^. 

Mr. R. Larkworthy (communicated): The pole-top fitting 
described by the author seems -to me a very; worknaankke and 
robust design and reasonably neat and pleasing. Using pro¬ 
portionally strong poles, the fitting gives rise to a very strong 
' construction which with the longer spans enables overall econo- 
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mies to be made. I consider many existing designs of cross-arm stout pole may be cut down to 38 ft to obtain the necessary 
very flimsy, particularly in the direction of the line. thickness. The sawn-off pole tops are cut into suitable sizes for 

Mr. H. Pritchard (< communicated ): I have seen the pole-top use as kicking blocks. The resulting construction gives an 
fitting described in the paper in use and am bound to say that economic span length of about 525 ft with maximum sjSans up 
it looked a very good job. Furthermore, the linesmen, who have to about 650 ft. It was noticeable after the 1940 ice storm that 
"had much experience of many types of construction and fittings, hundreds of cross-arms of the relatively flimsy character largely 
were loud in their praise for its simplicity of fixing and great in use were twisted and distorted in positions where a stronger 
strength. Naturally, to match its strength stronger poles than fitting would have sustained no damage; it took several weeks 
usual have to be employed, so that in one example a 55ft of work to straighten or renew them and re-bind the conductors. 

DISCUSSION BEFORE THE WESTERN CENTRE, AT CARDIFF, 13TH MARCH, 1944 


Mr. L. Howies: The author forecasts a very heavy increase in 
demand for electricity supply in the coalfield, and as and when 
this develops the power-generation resources will obviously have 
to be expanded. He suggests that, in order to fulfil the require¬ 
ments of the colliery load, a proportion of power should be 
generated at several of the larger collieries or in the centre of 
groups of collieries. There is much to be said in favour of coal¬ 
field generation, but this must not necessarily be pit-head genera¬ 
tion. As and when substantial increases in generation resources 
are required, it is obvious that the load requirements of the 
collieries as well as of other industries and public services should 
be reviewed. The site for the power station shoqld therefore be 
chosen to achieve the lowest cost at the consumers’ terminals 
consistent with security of supply and the national requirements 
on the Grid system, all of which can be done if development is 
carried out by authorized undertakers- operating under present 
legislative powers and controls. If, however, colliery com¬ 
panies’ generating plants are to take their place in the national 
system, many financial and economic problems will arise that can 
probably only be resolved by legislation. 

The operation of transmission systems by colliery groups, 
where the power lines cover territories already covered for other 
purposes by the statutory undertaker, is uneconomic. Much 
progress has, however, been made by agreements between the 
parties for the interconnection of systems, mutual standby 
facilities and the like, which, if pursued, will largely remedy the 
wasteful use of capital that is inevitable in non-co-operation. 

To reach rapidly the ideals that the author has in mind, it 
appears necessary for owners of non-statutory generating stations 
and transmission lines to accept a substantial measure of control, 
although the same effect, base'd on experience, will probably be 
achieved by agreement as and when opportunities occur; but 
that process is inevitably slow. 

Mr. J. F. Smith: In considering electricity supply development 
in South Wales, account must be taken not only of .the admittedly 
important colliery loads, but also of other substantial,public- 
service and industrial requirements. The area to the north of 
the coalfield is very barren from an electrical point of view, but 
to the south and between it and the coast-line there are large 
concentrations of population and industry, particularly in the 
main coastal towns, v Location of generating stations to serve 
the area would therefore be governed by the relative costs of 
transmitting energy by electric lines or in the form of coal. The 
following example indicates that only under certain conditions of 
load factor would such stations be ideally located at pit-heads. 

The coastal concentrations of electrical load are each about 
15 miles distant from colliery centres where generating plant 
might conveniently be installed; to deal with such loads electric 
lmes capable of delivering about 60 000 kVA with adequate 
margin of standby would be necessary, this capacity allowing for 
som further development. Assuming that both generation and 
distribution was at 33 kV, the transmission system would probably 
comprise three separate 66-kV 0-2in 2 electric lines, 15 miles 
breach complete with 30 000-kVA step-up and step-down 
transformers, there being one complete line standby to two 


operating lines. The total cost, including 33-kV switchgear of 
suitable rupturing capacity, substation sites, buildings, concrete 
foundations, pilot cables, etc., would be about £210 000, and 
allowing 12£% to cover interest, depreciation, rates, maintenance 
and the relatively small running costs the annual charges would 
be £26 250 per annum. Assuming 0-85 power factor, although 
experience shows a higher figure might well be achieved, the lqad 
delivered would be 51 000 kW, and the capital charges for trans¬ 
mission reduced to a cost per unit delivered would vary from 
0*047d. at 30% load factor to 00141d. at 100% load factor. 

The cost for delivering fuel over the equivalent distance is at 
present approximately 4s. per ton, and at 1-2 lb of coal per 
unit sent out—being a performance easily reached by a modern 
generating station—the cost of fuel transport becomes 0*0257d. 
per kWh. For the conditions assumed, it would thus be cheaper 
to transmit electricity than convey the energy in the form of fuel 
provided the load factor was 55 % or higher. With transmission 
over 20 miles, the corresponding load factor limit becomes 50%. 

Possibly the development of off-peak industrial loads? water 
and space heating, etc., may produce load-factor conditions in 
excess of the above limits, but unless this is the case it appears* 
more economic to transmit energy in the form of fuel from the 
coalfield to the coasfal areas, rather than to generate at pithead 
and transmit via electrical lines. This conclusion is based on 
the assumption, which experience shows to be a reasonable one, 
that generating plants can be constructed and operated with high 
efficiency equally well in the colliery areas as in the coastal towns. 

The author claims a probable saving by connecting colliery 
generating plant to public supply, if the colliery plant deals with 
the base load and public supply with the morning peak. The 
saying claimed is based on two assumptions which are open to 
criticism, i.e. that the morning colliery peak load is off peak 
compared with other industrial and public-service load, and that 
public supply would provide 88 200 kW of capacity without any 
maximum demand charge therefor. In South Wales electrical 
supply for industrial needs and domestic cooking has developed 
to an extent that maximum loads on generating stations occur in r 
the morning and the colliery load cannot be considered as off 
peak. It does in fact contribute to the highest derqand on the 
generating plant resources, and must therefore bear its pro¬ 
portion of the capital costs of such plant. 

Mx. J. W. Dorrinton: I agree with Mr. Howies that intercon¬ 
nection of private generating plants with public supply systems 
would save much duplication of transmission lines, but I am 
surprised at the confidence with which he views the possibilities 
of such a scheme. It must be remembered when dealing with 
mam transmission lines, particularly those of the CE B., that 
the short-circuit powers involved are very high, often 15001&VA, 
which is far in excess of the capacity of the switchgear of a 
private power plant. It also appears from the paper that the 
small station would take the highest load factor, and that its 
peak would almost coincide with the public peak. Thus these 
stations will not be of very great value from a load point Of view, 
and the public authority could hardly be expected to provide the 
higher capacity gear to reduce the short-circuit MVA. 
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trollable by dampers and a by-pass flue for drying washery 

. - _ . . . - , • 11 1_* J TUa 
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On the other hand, the number of units sold per annum would 
not be very large, and the private company would hardly find it 
economical to install the gear themselves. In my experience, 
where* a large undertaking fringes on areas supplied by smaller 
concerns, such interconnection is not easy for other reasons. 
These difficulties are partly due to differences in transformer con¬ 
nections producing small permanent phase-angles between 
systems where these already have a common point of con¬ 
nection, such as the Grid, even if very indirect. In new plans, 
no doubt these troubles could be avoided, but in many cases 

matters have gone too far for this. 

I agree with Mr. Howies that legislation is far better avoided, 
but I foresee difficulties with load dispatching unless compulsion 
be applied. Load dispatching would have to be controlled from 
a central office, and private companies might not obey orders 
that were unprofitable or inconvenient. 

Mr. A. W. Kidd: In Section 5.1 the author gives an impressive 
list of advantages, which cannot be ignored. I disagree with the 
second disadvantage, as with good modern steam conditions and 
using a reasonable-size generator the efficiency should be almost 
equal to that of selected stations, taking into account the trans¬ 
formation and transmission losses the selected station has to 
carry in delivering power back to the pit-head. The saving in 
freight and coal-handling charges stated should therefore be 
counted as pure gain, and I should like to see Section 5.2 revised 

in this light. . ... 

I favour what might be called the unit scheme for colliery 
generation on the lines shown in Figs. 4 and 5, except that perhaps 
Fig. 5 shows a particular rather than a general application. I 
would prefer to substitute Fig. A, which shows that the scheme 



_ 33-kV line. = 11-kV line. 

# Colliery with generating plant. 

O Colliery supplied from system. 

is universally extensible and could be made to cover the whole 
' of the South Wales coalfield or any other coalfield with similar 
conditions. The symmetrical arrangement of collieries shown is, 
of course,*quite hypothetical and would in practice be varied to 
suit the actual geography. 

At collieries with generating plant there would be, say, one 
15000-kW set generating at 11 kV, and one step-up transformer 
which normally would export into the 33-kV system the surplus 
power left after supplying the colliery itself and the adjacent 
collieries fed from the 11-kV board. This transformer would be 
capable of taking the supply from the system if the generator 
were shut down for any reason, and it will be seen that it need 
not b3 equal in capacity to the generator, as it has to deal only 
with surplus power or the sum of the actual loads at the collieries, 

whichever is the greater. , .. 

Preferably, there would be two 80 000-lb/hour;m.c.r. boilers 
at each colliery arranged for pulverized-fuel firing, and con¬ 
veniently there could be incorporated in the boiler flue leading 
to the stack a cylindrical horizontally-inclined rotary dryer con- 


slurry to enable it to be efficiently pulverized and burned. The 
boilers should be specially designed to allow frequent starting-up 
and shutting-down without damage. 

The number of generating sets dotted about the system would 
be chosen to allow one set out and the remainder to carry the 
system load when running at * their economic rating. The 
margin between economic and maximum continuous rating could 
be a safeguard to allow for trouble to a further set under these 
conditions. A leading factor in choosing the site of a unit 
would be the presence of a washery at the colliery, as it is normal 
practice for one washery at the more important colliery to serve 
adjacent collieries. 

The size of 15 000 kW was found from a study of the problem, 
in relation to a particular large group of collieries, to be the 
optimum capacity, the sets having an economic rating of 12 500 
kW. 

The main transmission lines could conveniently be single-cir¬ 
cuit 0-15 in 2 of the type advocated in Section 12; and this ar¬ 
rangement would keep the capital cost down to a reasonable 
figure. Heavy double-circuit lines would not be required, as the 
transmission network normally only carries small blocks of 
power. The arrangement gives the maximum security of 

supply. . , A . 

To ensure the desired direction of power flow in the network 
one quadrature regulator would be required in each closed ring 
in the line normally carrying the least load, and preferably the 
main 11/33 kV transformers should have on-load tap changing. 

At the collieries without generating plant, where the 33-kV lines 
are looped-in, a five- or six-panel 33-kV switchboard with bus r - 
section and two or three step-down transformers would be 

With such a scheme the amount of spare and standby plant is 
reduced to a minimum. One spare turbine and alternator rotor 
and one spare 11/33-kV transformer at a suitable central spot 

would be the principal gear required. 

Mr. D. A, Picken: The author’s analysis of the proposed dis¬ 
tribution of load between pit-head generation and public supply 
is presumably based on economic ment, and similar figures for 
load sharing would be interesting, where the normal public 
sutmlv is based on a true economic basis, rather than on the load- 
development basis at present utilized. The tendency now is for 
the maximum-demand charge to be low and for the.unitcharge 
to be higher than is justifiable, e.g. Bellamy m 1936 estimated 
the fixed charge for his generating station alone to be almost £4 
ner kW of maximum demand. Since that time, the tendency has 
been for considerable increases both in the capital value of the 
plants and also in the cost for a given type of equipment. If 
these figures were applied to current tanffs it would cause a 
marked increase in the maximum-demand charge and possibly 
some decrease in the unit charge. . _ . ... ,. 

Regarding the author’s cross-arm design, I suggest that the 

cross-arm shown is very much stronger than a single pole; m 
tte event of a conductor breaking under wind pressure the pole 
would almost certainly be fractured, “ d / hl l seems f t t °“ 1 ^ 1 .“® r ^ y 
to move the fault to a more inconvenient portion of the ffislnbu- 
tion system, as obviously the pole is much more difficult to 

re Mr*David J. Thomas: The suggestion of using a B.Th.U. basis 
forcomparing electric and steam supplies to collieries is a valuable 
one mid should be extended to provide a general basis of com- 
• on instead of the present indeterminate method. For uv 
sSce in Section 3.1 it is stated that 1 kWh can be generated 
fmm 1-5 lb of coal. Coal is a generic term, and to tie rigidly a 
X Snodity to a precise unit and deduce fronghe 
results a basis of comparison cannot mean anything. It is time 


% \ 
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that the expression’ “so many pounds of coal for so many units” 
was changed to “so many units for so many B.Th.U.’s” and this 
then related to pounids of coal, if necessary. 

Earthing to outgoing feeders will soon be obligatory, and the 
only satisfactory provision for this is to make the earthing 
facility an integral part of the switch. This will ensure “the 
efficient and easily applied earthing” as rightly called for by the 
author; both visible isolation and earthing should be available. 
It is also preferable that the earth circuit be finally closed through 
the main switch and not through an auxiliary switch. Flame¬ 
proof switchgear embodying all these desirable features is already 
on the market. 

Standardization in electrical equipment is to be welcomed as 
an ideal, but so far the problem has not been dealt with seriously. 
One reason is that every maker seems to want the others to 
standardize on his standard. The author should consider this, 
because he refers to the 0* 55-kV system, which is not a standard 
voltage. The collieries can alter this without reference to ex¬ 
ternal bodies, as there is no real obstacle to be overcome; this is 
confirmed by at least one large colliery company, which has suc¬ 
cessfully adopted a 400/440-volt standard. 

Mr. A. B. Price ( communicated ): A major problem confronting 
collieries is the disposal of dust and slurry, which is more trouble¬ 
some in South Wales than probably in any other coalfield, on 
account of the dusty nature of the coal. Conditions are further 
complicated by some power stations specifying that the amount 
of fines below \ in must not exceed 40 % of the boiler fuel. This 
means that, in some instances, the nature of the coal is such that 
only a very small percentage of - ^ in can be left in the fuel. 

Fine coal can be divided into super fines and coarse fines. 
The former is usually slurry or aspirated coal below about 
inam, and the coarse fines can be defined as coal below jg- in, 
which is usually screened from the raw coal going to a washery. 
The percentage of these fines varies from coal to coal, but repre¬ 
sentative figures are |mm x 0, 4 to 6% of the run of mine 
coal, and ^ in x 0, 10 to 13 %. 

Washeries are usually built on a site easily accessible to the 
pits and with an ample water supply; both of these conditions 
also apply to generating stations. If the fines are clean 

THE AUTHOR’S REPLY TO 

Mr. ILL* Metcalf (in reply): The subjects discussed fall under 
thre^ main heads: (a) choice of switchgear and interconnection 
with grid, (b) pit-head generation, and (c) overhead line con¬ 
struction. It is proposed to reply to the various speakers under 
these heads. * 

(a) Choice of Swit chgear r 

Mr. Cluley questions some of the calculations for short- 
circuit capacity. The first example assumes incoming feeders to 
the 33-kV busbars and direct transformation to 3-3 kV with two 
3 000-kVA transformers, each having 7- 5 % reactance, in circuit. 
This gives the figure of 69 MVA with which Mr. Cluley agrees, 
although he appears to have made slightly different assumptions. 
With regard to the arrangement shown in Fig. 4, it has been 
assumed that the generator would have 15% reactance and the 
15-MVA transformer 7 * 5 %. Assuming again a figure on the 
33-kV busbars from outside sources of 500 MVA, this gives 
268 MVA as shown in the paper. Assuming 6 000 kVA of 
transformer plant at 7■ 5 % reactance between the 11-kV busbars 
and the 3 "3-kV busbars, this gives 61 MVA on the 3 * 3-kV busbars; 
to which must be added the synchronous plant. The reason the 
short-circuit value on the 3*3-kV busbars is less with the layout 
includin g a generator, is that the 500 MVA assumed on the 33-kV 
busbars is choked through two transformers in series before? 
a^ctingthe 3-3-ky switchgear. . ■ 


enough they can be sent to pulverized-fuel-fired boilers: 
without further treatment; otherwise they must be treated 
separately in the washery to reduce ash and moisture to econo¬ 
mical limits, and the clean product then conveyed to the«hoiler 
bunkers. But if this coal has to be transported to another power 
station some distance away, then the cost per ton will, under 
present-day tariffs, have to be increased by 2s. 3d. per ton to- 
carry it 8 miles and 4s. 2d. per ton over 16 miles. Further the ash 
problem would be reduced to a minimum as it could be easily 
disposed of with the washery refuse. 

I feel that such a scheme would have far-reaching results, as not 
only would the collieries and districts in their area benefit, but 
also those large stations at some distance away from coalfields 
and using chain-grate stokers, since the collieries could supply 
them economically with reasonably dust-free coal. 

Mr. W. Todd (communicated ): The author has stressed the need 
of standardization of industrial electrical equipment. This, I 
believe, can be achieved only by the combined and persistent 
demand of users. Two standards, namely for heavy duty and 
normal duty, appear desirable, and specifications should cover 
all essential details governing interchangeability and reliability. 

For motors, I suggest the following range from i h.p. to 
200 h.p.: £, l 1, 1|, 2, 3, 4, 5, 7|, 10, 12£, 15, 174, 20,25,30, 
35, 40, 45, 50, 60, 70, 80, 90,* 100, 125, 150, 175, 200 h.p.\ 
Standardized details should be: (a) Centre height of shaft, dis¬ 
tance from inner end of coupling seating to fixing holes in all 
directions; (b) shaft diameter, keyway and quality of steel to be 
used; (c) dimensions of bearings; (d) minimum weight for specified 
horse-power, to ensure stability of structure; (e) life of conductor 
and covering, position of terminal box, size and method of ar¬ 
ranging connecting terminals; ( f) temperature rise in still air; 
(g) voltages. Separate standards are needed to cover screen -'' 
protected, totally-enclosed and surface-cooled types. r 

Switchgear presents more difficulty, but it should be possible 
to cover structural dimensions, temperature rise of connections, 
contacts, etc., without interfering with individual characteristics. 

If a conference of electrical engineers, manufacturers and de¬ 
signers could reach agreement on certain standards, the change¬ 
over should not be unduly difficult with fabricated structures. 

THE ABOVE DISCUSSIONS 

It is,surprising to note that Mr. Cluley considers 75 MVA too 
high for the average colliery scheme. The object of the proposals 
contained in the paper is to exclude the use of reactors, except 
for the pit feeders, and to improve the breaking capacity of the 
switchgear in general use. With regard to limiting this value to 
25 MVA by inserting reactors in the pit feeders, the reactors are 
usually installed with a current-carrying capacity equivalent to > 
that of the pit feeders; it will be seen from Table 3 that the 
percentage-reactance figures are not excessive. 

Mr. Cluley’s interpretation of Clause 14 (iii) of tfie “Report 
of the Committee on the Amendment of the General Regulatioiis 
Governing the Use of Electricity in Mines under the Coal Mines 
Act, 1911” seems unnecessarily wide. The prevention of the 
exposure of live conductors is only called for on apparatus used 
at or within 300 yards of the coal face and in any other place 
where the representative firedamp content in the general body of 
the air exceeds 0 * 5 %. In these situations the voltage is usually 
less than 650 volts, and, owing to the reduced shortaheuit 
current to be dealt with, air-break switchgear which complies 
with 14 (iii) can be used. It is certainly unfortunate that the 
colliery industry must pay for the complete re-design of the 
range of flame-proof oil circuit-creakers manufactured by five Or 
six firms, owing to the interpretation which is being put en this 
draft regulation. One design of Switch produced by the leading 
manufacturers in co-operation with the users would have saved 
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much drawing office and development expenditure, particularly 
in view of the inelastic demand for such a switch. 

For* deep shafts with workings far inbye, the use of 6-6-kV 
switchgear mentioned’by Mr. Garrard would be of considerable 
advantage. If 6-6 kV is introduced underground this should 
become °the standard voltage for the whole colliery to the ex¬ 
clusion of 3-3 kV. This means the adoption of 6-6-kV re¬ 
versing contactors for winders (a problem which has been satis¬ 
factorily solved) and of flame-proof 6-6-kV reversing contactors 
for hau lages, no designs for which yet exist. The ever-increasing 
size of coal-cutter motors and the advent of power loading are 
increasing distribution problems underground. It is unlikely 
that interconnection between collieries underground is likely to 
be adopted. Cables should not be left in disused roadways or 
installed in places where they are inaccessible for repair. 

The adoption of air-insulated gear underground is largely a 
matter of space. The ideal is to eliminate oil, but the mining- 
tvpe flame-proof switch with compound-filled busbars is com¬ 
pact easy to handle and easy to install. There is no lack of 
provision for earthing the outgoing feeders with this type of 
switchgear. This problem has not been given the same degree 
of attention, however, on the larger draw-out circuit-breakers 
used on the surface, and it is this type of gear to which attention 
•is drawn in the paper. 

Mr. Thomas is perfectly justified in criticizing the mining 
industry for its arbitrary choice of medium voltage. The reason 
for not adopting the standard voltage of 400 was to economize 
in cable sizes underground. Take a 100-kVA transformer 
underground supplying a double-unit face. The transformer 
must "Start 300 yards from the coal face, and assuming that it 
will not be moved up until the face has advanced 300 yards, 
a length of 600 yards of medium-voltage cable plus, say, 100 
yards of trailing cable must be allowed for, and this cable must 
for the last length be flexible to enable the gate-end boxes to be 
advanced. The size of cable must be kept down without ex¬ 
cessive voltage drop. , . 

The mistake made was in the wide variation of voltages 
selected, such as 625, 600, 550, 500, as well as 440 and 400 volts. 

500-550 volts is probably the most common. 

B.S. specifications do very little to further standardization, as 
Mr. Todd points out. They lay down standards of performance 
for motors, without insisting on standardization of physical 
dimensions. Adoption of the standards recommended by Mr. 
Todd would be of enormous advantage to the mining industry, as 

well as to manufacturers. .... ■ ' ' ... . 

Mr. Rait asks for information on the subject of Protection. 
This is,putside the scope of the paper, but it may be said that the 
• ideal system of protection is probably one involving pilot wires, 
although their maintenance is an added burden On the main¬ 
tenance staff. The usual practice in South Wales is directional 
overload and earth-leakage protection where there are not too 
many interconnected rings to complicate the directional learnt. 
Where that condition does arise, plain overload and earth-leakage 

is adopted. , 

Mr. Frost is correct about the potential danger of earthing the 
metal-work of the h.v. system to the same earth electrode as me 
neutral of the l.v. system, if the resistance to earth of the eartti- 
electrode system is not very low. The importance of keeping 
this value low is appreciated by most colliery electrical engineers 
and the method of testing illustrated is, as Mr. Frost says, to 
keep a check on the condition of the electrodes rather thanJo 
measure*the combined resistance. ^ 

I? is true, as, Mr. Dorrington points out, that there are diffi¬ 
culties, associated with the interconnection of am . 

generating system and the Grid. Usuallymterconnec 
be indirect, i.e. it would be through the system of the local 


authorized undertaker at a lower voltage and prospective short- 
circuit value. In South Wales the power companies’ network is 
operated for the most part at 33 kV with certain lines at 66 kV, 
it was as the result of practical experience of interconnection 
with this system that the value of 500 MYA at 33 kV was selected. 
The flow of power through the system could be controlled by 
quadrature boosters, as Mr. Kidd suggests. , , 

Mr. Picken points out that the tendency is for the maximum- 
demand charges to increase and for the running charges to 
decrease. This focuses attention once more on the load factor 
and emphasizes the need for using all means for improving the 
load factor such as, for example, transferring the pumping load to 
the back shifts. The connection to the same generating system 
of industries whose peak demands do not coincide, also becomes 
increasingly important. 


(Jb) Pit-Head Generation. 

This is bound to remain a controversial issue until it has been 
thoroughly investigated on purely technical grounds, bearing in 
mind the importance of certain factors which did not affect the 
issue in the past. These are the amalgamation under one control 
of collieries in one region; the increasing mechanization and con¬ 
sequent high potential demand for electric power; and the in¬ 
crease in the percentage of coal washed, with the resulting 
problem of the disposal of fines, aggravated by the introduction 
of water infusion for dust suppression underground. 

The paper deals with the question of pit-head generation in 
relation to the economics and security of power supply to col¬ 
lieries, and only indirectly in relation to the effect on the supply 
problem for the region as a whole. Mr. Rait has misinterpreted 
the issue in stating that the substance of the paper is a question 
of colliery generation versus Grid generation. The attempt is to 
show the proper relationship between colliery generation and 

Grid generation.- . . 

Mr Smith shows the same misunderstanding in his anxiety to 
prove that, for a distance of 15 miles, it is cheaper to transnut 
electricity than to transport foal. The sites chosen for the two 
selected stations in the power company’s area in South Wales 
could hardly have been better chosen in relation to load density, 
coal supplies and water. But applying Mr. Snflth s figures m 
reversd, and assuming that a group of collieries taking 51 000-kW 
maximum demand was situated within 15 miles of the selected 
station, and that the load factor was 50 %> t^®^®toffuelttansport 
to the selected station would be 0-0257d./kWh, and the capital 
charges on the transmission lines, etc., retummgthe supply to the 
colleries 0-0282d./kWh, making a total of 0 054d./kWh. This 
seems to bear out the contention that for a large group of col- 
Ses pit-head generation is amply justified, as the above fuel 
transport charges and transmission charges would be saved. To 
quote Mr. Howies: “The site for the power station should be 
chosen to achieve the lowest cost at the consumers terminals 
consistent with security of supply and the national requirements 
on the Grid system.” For colliery consumers, thexight place for 
the generating station would appear to be at the pit-head or 
SaS to central coal-washery plants. TWs does not mem 
thlt interconnection between collieries would * ;!? 

cneeested bv Mr. Horsley, but that the vulnerability of the hill- 
lines wild be counteracted 

location of a number of unit generating stations. Based on con- 
siforable operating experience, Mr. Pugh substantiates the claim 

that these stations could be run just as efficiently as selected 
jmtificaon foroolltay. 

rated by the interesting figures given by Mr. Watson-Jones 
His mala criticism is that the figures in the paper are too font 
servative. Other speakers, too, suggest 1 - 2 lb of coal per kWh 
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instead of 1 • 5. The choice of conservative figures was deliberate 
to avoid the charge of over-stating the case. No doubt in a 
highly electnfied area, such as the North-East Coast, and assuming 
a thermal efficiency of generation of 25 %, the heat consumption 
per ton of coal raised would be below 0*5 million B.Th.U. 
Where all the underground operations are performed eiectri- 

r « a P° tential saving of 12 kWh/ton out of the total 

01-35 kWh/ton, or 6d. per ton raised at 0-5d./k\Vh. 

Mr. Horsley illustrates by his figures that the high power con¬ 
sumption per ton of coal raised in South Wales is due, more 
than to any other factor, to the relatively low consumption of 
electricity for coal-face operations, such as cutting and con¬ 
veying. Owing to the ubiquity of compressed air under- 
ground in South Wales, air picks can be used in many places 
instead of cutters, and this accounts to some extent for the 
low relative percentage of coal cut by machinery. 

bn r?? 0ut . a very “Portent Point in drawing atten- 
tion to the conditions imposed by certain purchasers of coal for 
selected stations, who limit the percentage of fines below 4 in. 
He quotes a representative figure of 4 to 6 % of run-of-mine coal 

almost twice the electrical requirements of the collieries them- 

*6°? Thelffi? f obabl y bave 311 ash cogent not exceeding 
!$■£, T b ® effec ‘ wate 5 infusion is likely to reduce the amount 

of dry dust available, and with Chance washeries will necessitate 
wet screemng, with the possibility of subsequent drying of the 
shiny produced to make it suitable for pulverized-fuel firing 
n .l!'° v S Pf kers ~ Mr - Co °Per and Mr. Kidd—mention the 

S to TT atteDti0n t0 b0iler design to enable the 

= temperature variations caused by frequent 

annfS; aDd ^ tartI ? g - Up - ^ * important, and the same 
PP ' to some makes of generators which seem unable to with- 
and such conditions without distortion of the insulation As 

down toTSoOB^?S lh b f? fV* *> b ^ cod 

down to 3 000 B.TTi.U./lb, but whether the labour costs justify 

cal bU ^V f H SUCh l0W 'f ade fueI must be determined in each 
caseThe tendency in this country among progressive colliery 

ndertakmgs is to up-grade their fuel even when burnt at the 
* ft! ra , ther than pass a large percentage of rubbish through 

V 3 th v coal - d cSoSfic vaiS 

used are the usual reference data for calculating coal clauses 
^ the worked example is a comparison only, the price of coai 

1 SW 84 Mr - ^Pcr must be aware that powefcom ’ 
pames byffie operation of the coal clause, over-insure themselves J 
agamst high coal prices and low calorific valuS themselves ’ 

(c) Transmission-Line Construction. c 

* ^ f r ° m Mr - ^dersen that the replacement I 


is adopted in most countries where ice is a source of trouhu 
No wood-pole transmission line is designed to hold a brniri 
conductor loaded with ice, but the construction illustrated*.-, th? 
paper would hold a broken conductor in fair weather which i! 
unusual for single wood-pole lines. B 

A point which Mr. Harding and Mr. Willott Taylor have over 
looked—possibly because it is not made sufficiently clear in the 
paper—is that the wood poles selected for the proposed line are 
considerably stronger than those selected for lines with shoiS 
spans. Extra-heavy poles have been chosen (and their cost* 
included in the Appendix), and where the length has in conse 

S£S£ 5£,* te,0,> of po,e h “ be “ •*»»■* - 

hereas the cross-arm will become permanently deflected if the 
pufl m the conductor exceeds 500 lb. This seems to be carryLg 
e weak-link idea too far. A more rational design has been 
attempted in the cross-arm illustrated in the paper. 8 ^ 

Tests were made on two designs of cross-arm, and a com¬ 
parison of the two is given below for a span on level country. 


Normal pole-top Strong pole-ton 
construction construction 


Conductor 

Span length .. ^ ' 

Erection tension at 60° F 

Erection sag'at 60° F 

Weight of ice to break lb/ft (Table 5) 

Length of pole required 

Pole cut from 

Length of pole out of ground 
Po e diameter 5 ft from butt ' ] 
Pole strength — bending moment 
I (C.R. Handbooks, vol. If) 

Pull at pole top to cause breakage . * 
Insulator spindle breaking strength . 
Working load on insulator (F.S.2-5) 
strength of cross-arm in direction of 
line .... 


0*15 in2 
300 ft 
3 020 lb 
2*23 ft 
4*9 

29ft 6 in 
30 ft stout 
23 ft. 6 in 
10} in 

79 180 Ib-ft 
3 371 lb 
1 0001b 
400 lb 


0*15in2 
535 ft 
-2 5601b 
8*8 ft 
2*9 
37 ft 

50 ft stout 
31ft 
13} in 

165 900 Ib-ft 
5 346 lb 
2 800 lb 
1 1201b 

over 2,800 lb 


weaShStfc ’ W b ! Seen that in the ^ case the 
Mr Hardini £ *°** m ’«*-m the second case the insulator, 
ducto? irah . 2e ?, whe ° i he .states that either the con- 
ouctors will break and the whole line will come down or the 

»ttat tb» is no obJecSZ^' 
But if S' may , be true on level country with even spans 

'X+totSER withV ^ m ' tensions ’ iceonacofIdactor 

th y c r r a ?f _arn ? Wlth0ut breakin S ‘he conductor, if 
defii ,iw^ t W S ld only a 500 ' lb PuU- With the new 

be exo’erScM *“ 8 “ arded against - No trouble should 

experienced until the conductors break under ice loading. 

suspension* insula£ ^' ^ d JPtt Taylor’s H-pole constructicfii with 
ciaS To Tin fV the excellence of the design are appre- 
52 there is Jii v, he cost of colliery transmission it is felt . 
stocfirm Vi L hoWever) for a single wood-pole line con- 
JSam and VS P a - u™ made t0 desi Sn such a pole, 
Sw^heSnSSi mth a more rational relatiomhip 
Sd ffien tSvf f the various parts than is usuafly thcease, 

:“”“ caon “ 
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SUMMARY There were sound reasons to justify the belief that certain of 

The paper reviews the circumstances which have led to a consider- these materials could be successfully used as substitutes for 
ble increase in the use of thermoplastic cables within the last few rubber—particularly by cable makers. 

lonths. It points out that the relative importance of such cables As a result, during 1942 and 1943 there has been a rapidly 
annot yet be evaluated on a peace-time basis since the economic level increasing output of essential cables insulated and/or sheathed 
annot be established and since a further competitor ot natural rubber, with thermoplastic materials, so that several thousand tons of 
amely synthetic rubber, is now mak ing its appearance. In order, ru bber have been saved. Probably 25 % of the output of rubber 
owever to establish a ^eva ration it b toWe to have a h b changed oves to thermoplastic materials. 

„ I* » — *« •>* *d»en t ofsuch substMecM* shou.d 
i.v.c. (polyvinyl chloride) cables. Indications are given of the have excited interest among cable users queries such as those 

mlymer situation, the definition of a thermoplastic material and the raised by the Chairman of this Section in his Inaugural Address|[ 

esulting implications. The building-up and testing of p.v.c. com- have been raised many times in the technical Press. These 

icunds is studied, and the manufacture, characteristics and uses of queries could best be met by a direct comparison between 

ables derived therefrom are considered in detail. A brief survey of thermoplastic cables and rubber cables; this is, however, im- 

hermoplastics other than p.v.c. is followed by a comparison of practicable at present. Cables insulated and/or sheathed with 

>.v.c. with rubber. synthetic rubber are already making their appearance. The 

— «——-----—— cable designer of the future will have at his disposal an extended 

range of materials. None of these will be identical with rubber; 

(l) INTRODUC TION AND SCOPE eac h w {[\ have certain points of superiority and certain points of 

The" use of thermoplastic materials in the cable industry is inferiority. The comparative costs cannot at present be esti- 
iot new. Gutta-percha and balata are natural thermoplastics ma t e d. To endeavour at present to forecast the position a few 
vhich have long found important application for specific types y ears hence would be unscientific. 

>f cable. In the past many natural thermoplastics have been This paper is therefore confined to a discussion of the charac- 
ncorporated into rubber compositions to give specific charac- teristics of thermoplastic cables with particular reference to those 
eristics. insulated and sheathed with p.v.c. It is hoped that any future 

During the last ten years considerable progress has been made analysis of the wire and cable situation may be based on a true 

In the development of synthetic thermoplastic materials. Cable- appreciation of the merit of thermoplastics in spite of the 

nakers have been extremely active during this period in adapting f act t h a t they differ in many ways from natural and synthetic 

the basic materials developed to the peculiar requirements of ru bbers. 

:able. ‘As a result certain cables of this type have been in P.V.C. has been chosen as the main material for consideration 
service for about seven years. Naturally, economic considera- in view of its very considerable usage in America and in Great 

[ions were allied with technical considerations in selecting the Britain. A series of standard specifications has been designed 

types of cable to be insulated and/or sheathed by such materials, round this material both in America 1 and in this country^ It 

Owing to the high cost of synthetic materials, these prototypes should be pointed out, however, that the American specifications 

were in the main cables for which rubber was obviously an refer to thermoplastic insulation and sheathing materials, whereas 

unsuitable material. With the outbreak of war, the number of the addenda to B.S.7, B.S. 883, and the various G.D.E. Specific 

types oteable in this category increased rapidly and development cations deal specifically with p.v.c. It has been considered 

work was accelerated. Nevertheless, progress was unfortunately reasonable, therefore, that the scope of this paper should be 

slow, and the consumption of synthetic thermoplastics by the broad, and that reference should be made wherever necessary to 

cable indu&ry was probably less than 5% of the rubber consump- thermoplastics other than p.v.c. 

tion in 1941. 

The rubber crisis brought about a complete change in the (2) THERMOPLASTIC MATERIALS 

situation. Cost was no longer the major consideration; sub- a thermoplastic material is one which when heated above a 
slitution of rubber was the primary factor. It was evident that cer tain temperature becomes soft and will flow underpressure, 

synthetic materials would have to be employed on an unpre- W hen cooled it returns to its original condition. This cooling 

cedented scale. The United States and Canada embarked upon an(i beating cycle can be repeated indefinitely without chemical 

an ambitious programme of synthetic rubber production. It was change in the material. P V.C. and its co-polymers, polythene,, 

obviqijp that some years must elapse before this programme etc., are typicaLthermoplastics. ; 

could become effective and the users of rubber (including cable- Thermoplastic materials contrast with thermosetting mate- 
makers) could become correspondingly skilled in the application r j a j s: compounded rubber, phenol-formaldehyde resin, urea- 

of such piaterials. Increase in the production and usage of formaldehyde resin, etc., when heated, change frorn me thermo- 

thermoplastic materials could be achieved much more rapidly, plastic condition to a set infusible state in which they wi no- 

longer flow when heated. Raw rubber is essentially a thermo- 

t pffili-GeSillCBble^^ki, Ltd. T ,. i| A. G. Ramsey: Installations Section Oiaitman’s Addreis, Journal 04*. 

t Telegraph Construction and Maintenance Co., Ltd. 91 Parti, p. 21. 

§ Standard Telephones and Cables, Ltd. [%91 ] v 


(1) INTRODUCTION AND SCOPE 

The" use of thermoplastic materials in the cable industry is 
lot new. Gutta-percha and balata are natural thermoplastics 
which have long found important application for specific types 
)f cable. In the past many natural thermoplastics have been 
ncorporated into rubber compositions to give specific charac- 
;eristics. 

During the last ten years considerable progress has been made 
in the development of synthetic thermoplastic materials. Cable- 
makers have been extremely active during this period in adapting 
the basic materials developed to the peculiar requirements of 
:able. ‘As a result certain cables of this type have been in 
service for about seven years. Naturally, economic considera¬ 
tions were allied with technical considerations in selecting the 
types of cable to be insulated and/or sheathed by such materials. 
Owing to the high cost of synthetic materials, these prototypes 
were in the main cables for which rubber was obviously an 
unsuitable material. With the outbreak of war, the number of 
types oPcable in this category increased rapidly and development 
work was accelerated. Nevertheless, progress was unfortunately 
slow, and the consumption of synthetic thermoplastics by the 
cable industry was probably less than 5 % of the rubber consump¬ 
tion in 1941. 

The rubber crisis brought about a complete change in the 
situation. Cost was no longer the major consideration; sub¬ 
stitution of rubber was the primary factor. It was evident that 
synthetic materials would have to be employed on an unpre¬ 
cedented scale. The United States and Canada embarked upon 
an ambitious programme of synthetic rubber production. It was 
obviqijp that some years must elapse before this programme 
could become effective and the users of rubber (including cable- 
makers) could become correspondingly skilled in the application 
of such materials. Increase in the production and usage of 
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plastic material, whereas compounded rubber, containing the 
necessary vulcanizing agents, is a typical thermosetting material. 
Neoprene is also a typical thermosetting material since it will 
vulcanize or set, merely by heating. 

Some thermoplastics have a relatively sharp softening point, 
e.g. polythene at about 105° C, whereas others pass through a 
steadily varying change of state as the temperature is adjusted; 
the softening point can only be judged by arbitrary standards 
(see Fig. 1). P.V.C. in general belongs to the latter class, and 

4i---i----1-1—•— 

I 

i 3 --- 

2 — - 


0 10 20 30 40 50 60 70 80 90 

Temperature, °C 

Fig- 1-—Flow properties of P.V.C. No. 1002 compound. 

iin diameter rod with Jin hemisphere at foot. 

Weight applied: 2 kg. 

it will be found to yield under pressure over a wide temperature 
range, the degree of yield varying steadily at regular pressure as 
the temperature is adjusted. 

In the former class the plastic range is bounded at the higher 
temperature by the decomposition point and at the lower by 
the relatively sharp setting point or softening point. In* the 
latter class, however, the lower temperature is bounded by the 
brittleness point under the pressure applied. 

Another outstanding difference between polythene and p.v.c. 
is worth mentioning here. Polythene is a translucent wax-like 
material having marked plastic characteristics per se . P.V.C. 
on the other hand is a white powder; its plastic properties are 
latent, and only become evident when plasticizers and other 
materials are added. 

Materials such as p.v.c., which depend upon the type and 
content of plasticizer present for their thermoplastic properties, 
may have their plastic range extended considerably by the degree 
to which they are plasticized, though at the same time suffering 
decreased rigidity at air temperature. 

Some quantitative representations of the growth pf plasticity 
as the temperature is increased can be obtained by measuring 
the permanent set arising from deformation by a plastimeter or 
penetrometer. Fig. 1 illustrates this for a p.v.c. compound of 
the I0°2 type. Permanent set is negligible until the material is 
subjected to temperatures in excess of 45° C. Cable experience 
suggests that the material will be satisfactory up to 55-60° C. 
Although the plastic properties of thermoplastics begin to be 
evident at the softening temperature, these properties are not 
sufficiently well developed to permit processing of the material. 
Much higher temperatures are necessary; e.g. with p.v.c. com¬ 
pounds, temperatures above 120° C are required. 

When thermoplastic materials in general, and soft p.v:c. 
compounds in particular, are distorted at ordinary temperatures 
and vwthin the elastic limit, they do not always “snap” back to 
die original shape as does vulcanized.rubber. Furthermore the 
time taken tp recover the . original shape is dependent among 
other things upon the degree of distortion and the type of coin- 
pound., In other words, although these materials are. elastic 
they are “dead” compared with rubber. This slow elastic 
recovery is, however, quite adequate for most cable applica¬ 
tions. ;V ' . ' • ‘ ■/* /y Tvy.-yy T :•y-v •' 


® Each thermoplastic material has its own peculiar elastic 
characteristics. Poly isobutylene is highly elastic; polystyrene at 
air temperature is practically inelastic. The elasticity o£ p.v.c. 
is a variable depending upon the type and*content of plasticizer. 

(3) POLYVINYL CHLORIDE POLYMERS AND CO-POLYMERS 
Many of the synthetic thermoplastic materials used in cable 
manufacture are polymers: chemically, the material consists of 
long-chain molecules containing repeating units. P.V.C. is such 
a material, and so is polythene. Implications of polymerization 
are indicated in Fig. 2. P.V.C, is a straight polymer, i.e. it is 

\ ch*-ch 2 - CHfCHr-cHrCHr-CH^CHr-CHf-. 

Ethylene Polyethylene 

Cl Cl Cl 

CH 2 =CH.C 1 — CH 2 —CH—CH 2 —CH—CH 2 —CH—CH 2 — 

. Vinyl chloride Pojyvinyl chloride 

C0CH 3 coch 3 coch 3 

CH 2 «CH.C 0 CH 3 __ — CH 2 —CH—CH 2 —CH—CH 2 —CH —CH 2 — 

Vinyl acetate Polyvinyl acetate^ 

Cl COCH 3 Cl 

Co-polymer -CH 2 —CH-CH 2 ~“CH-CH 2 --CH-CH 2 - 

Fig. 2 

built up solely of repeating units of vinyl chloride (which is 
derived from acetylene). However, polymers can be prepared 
which contain vinyl chloride and a minor proportion of a second 
ingredient in the straight chain. These materials are known as* 
co-polymers. One type, Vinylite VYNW, which is vinyl chloride 
95% and vinyl acetate 5%, is in many respects similar to p.v.c., 
and has been widely used for the same purposes. In effect, the 
discussion on p.v.c. can be taken to include this material. 
Recently a review of the vinyl-chloride/vinyl-acetate co-polymers 
has been made by Benedito. 2 He deals with grades of varying 
acetate content and varying molecular weight, and indicates the 
difference in characteristics obtained from such variation. 

Fig. 3, taken from the Koroseal Handbook, 6 illustrates the 
pronounced effect on the tensile strength and hardness of a 
p.v.c. compound brought about by varying the molecular 
weight (represented by specific viscosities) of the polymer. 
Other chemical derivatives may be employed to make suitable 
co-polymers. An outstanding example is acrylic ester, which 
was employed with vinyl chloride to prepare the German mate¬ 
rial Mipolam. It must be clear that there is considerable scope / 
for producing a variety of materials which can be known as 
p.v.c. It is essential, therefore, to bear in mind the source of 
the raw material, since alterations of technique in thO polymeri¬ 
zation process may affect the characteristics of the product. 

Ip present circumstances there is no opportunity of selecting 
raw materials. Whichever type of p.v.c. is available must be 
utilized. The statements made in this paper are therefore 
limited to p.v.c. in its general meaning. 

P.V.C. is a straight-chain polymer which shows no tendency 
to cross-linking. In other words, it is truly thermoplastic and 
does not set or vulcanize when heated. This applies eq^^Uiy to 
polythene, which is also a straight-chain thermoplastic material 
derived from ethylene. The molecule of polyethylene contains 
no groupings with any polar tendencies. Consequently it is 
relatively non-pqlar and exhibits correspondingly good electrical 
characteristics, e.g. low power factor, constant at all frequencies, - 
coupled with low permittivity and high resistivity. Vinyl chlo- 
derived, differs only from polyethylene 
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of each compound being specified quantitatively. In this 
manner the limited supplies of polymers,^ plasticizers, etc., have 
been assigned in the most effective manner to specific types ol 

cable materials. • ,. . • # * 

The general make-up of the p.v.c. composition comprises; 

Polymer * 

Plasticizer 

Stabilizer . 

Lubricant. 

Pigment 
Filler 
Extender 

The first four items are absolutely essential to the make-up of 
useful compounds; the others may be desirable for various 
purposes. The characteristics of the resulting compound will 
be greatly influenced by the proportions of these ingredients. 

It is desirable to consider them at greater length. 

(4.2) Polymer 

This component has been dealt with in some detail in Section 3, 
where an indication was given of the effect on the compound ot 
the type of resin (polymer) employed. 

(4.3) Plasticizers 

No p.v.c. compound is suitable for cable manufacture unless 
it contains one or more plasticizers. The choice of plasticizer 
is of the greatest importance and profoundly influences the 
behaviour of the material. Most plasticizers are liquids of very 

high boiling-point and low volatility. 

Many hundreds of plasticizers have been examined in p.v.c. 
compositions. The number which have been found suitable for 
large-scale application is, however, very small. The most 
important are tricresyl phosphate, dibutyl phthalate, and certain 
other phthalates. A few special plasticizers have latterly come 
into use in order to give improved properties at low temperatures. 

The amount of plasticizer present profoundly affects the 
properties of the compound. Increase in plasticizer content 
causes a decrease in tensile strength and;an increaseinelongation. 
This feature is illustrated in Fig. 4. The hardness of the com 
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in containing a chlprine atom instead of hydrogen (see Fig. 2). 
This introduces a polar material which adversely affects electrical 
properties; on the other hand it notably improves such charac¬ 
teristics as flame resistance. 

As noted above, p.v.c. is not used alone. It is true that it 
can beunoulded at temperatures above 120° C under a pressure 
of 500 lb/in 2 . The moulding obtained is, however, hard, brittle, 
and somewhat dark in colour. 

The pioneer in the evolution of polyvinyl compositions was 
Ostromislensky. 3 Following on his work, Semon evolved the 
prototypes of present-day .materials. About 1927, Semon foupd 
that the odourless, tasteless, chemically-incrt, non-inflammable 
, white powder, p.v.c., was insoluble at ordinary temperatures 
in practically every known liquid. On the other hand, he foun 
that at high temperatures it was swelled and dissolved by 
tricresyl phosphate. On the basis of this work he developed a 
method for plasticizing the material, and polyvinyl compositions 
of the*Koroseal type became commercially available. 

(4) POLYVINYL-CHLORIDE COMPOUNDS 
(4.1) General Discussion 

There are many commercial proprietary materials available. 

Among the best-known types are Welvic and CUorovene . .., 
couftty; Koroseal, Vinylite, Flamenol, etc., in the United States, 
' arid Mipolam in Germany. A number of grades of material are 

available under each trade name. . : • Vu'- r 

In GrdatfBritam, under war-emergency conditions, it has wen 
coxftidered necessary to establish a measure of standardize 
for tUe duration of the emergency. Specifications re i atl "f tl „ 
characteristics have been evolved, notably G.D.E.S.18. RecH 
standardized compounds have been adopted, the comp 
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position also decreases as the amount of plasticizer is increased. 
The relationship between tensile strength and hardness is, how¬ 
ever, complex when the type of polymer or plasticizer is varied. 

There are three features relating to plasticizers which are 
particularly important:— 

(4.3.1) Volatility. v 

Although plasticizers have high boiling-point and relatively 
low volatility, with rise in‘temperature there is a certain degree 
of evaporation depending on the volatility. In some instances, 
eg* tricresyl phosphate, the losses are minute. However, in 
others there may be appreciable loss of plasticizer. In this event 
the characteristics of the p.v.c. compounds change; correspond¬ 
ingly the characteristics of the cable may change, and it may 
indeed be rendered useless in extreme cases. A proper choice 
of plasticizer is therefore tantamount to selecting the potential 
maximum-service life of a cable for a definite set of conditions. 

It has been found in this country that in general the most 
desirable set of properties is obtained in a p.v.c. compound 
when it contains a mixture of more than one plasticizer. 

(4.3.2) Leaching. 

Plasticizers may be soluble in water, oils or chemicals. Where 
this is the case, the cable must not come into contact with such 
substances; otherwise the plasticizer may be leached out, and once 
again the characteristics of the p.v.c. will be adversely affected. 

(4.3.3) Insulation Properties. 

For insulating purposes the plasticizer with the least harmful 
effect upon the electrical characteristics must be chosen and the 
quality of the plasticizer must be controlled by a strict specifi- 
cation. • * 

(4.4) Stabilizers 

vu^t?' 9 Sll ^ ected t0 temperatures, particularly in contact 
wim hot metal, tends to decompose with the evolution of 
hydrogen chloride. Normal processing involves the handling of 
p.wc. compounds for short periods at high temperatures, e.g. 
around 150 C, in order to enable the compound to be applied 
to the cable. Decomposition products are most undesirable 
from every point of view. For example, they could adversely 
a ?fV h * eleCtaCal chara cteristics. It is therefore necessary to 
add stabilizing materials to prevent this decomposition, and it 
has been found that lead compounds are particularly effective. 
Principal materials employed for this purpose include white 
lead chromate, etc. Itjs thought that stabilization 
is effected at least in part by the combination with the lead com¬ 
pound of any hydrogen chloride which may be formed. In the 
°r mar y temperature range to which cables are subjected p v c 
compositions are completely stable. ■ 

(4.5) Lubricants 

“ Processing p.v.c. compounds during their applica- ' 
bon to the cable, it is usual to add ai small proportion of lubricant ' 

2S sst.r >lw ' d for " w are e,hyi *■*“<*•*;; 

(4.6) Pigments and Dyestuffs ] 

**■ noted for the brilliant colours 1 

ffSidJ? The b lnH fl h H Pigmentation materials are , 

rnciu^d. The standard colours adopted in this country are nine ( 

S^S^d mSl ely f d ’ A bla< *’ yeUow > Sraen. blue, white, brown, 
t p P™ enca , a few additional made-to-order 

: 

In this country a very careful study has 1?een made! of the I 


I. effect of colour pigments with a view to reducing differences 

’- between coloured compounds to a negligible degree. 

I. The other physical effects of pigments can best be deah with 
e under the general heading of Fillers. * 

(4.7) Fillers 

The main effect of inorganic fillers such as silica, mica, clay 
, carbon black, etc., is to increase the hardness in approximately 
a linear relationship in respect of quantity added. Resins ' 
’ waxes, factices, etc., on the other hand, reduce hardness. The 
. former class, with certain exceptions, however, reduce both 
. tensiIe strength and percentage elongation. In general the use 
, °f fibers must be restricted to comparatively small amounts 
Carbon black and clay in small amounts can increase the elec¬ 
trical resistivity, the latter in some cases raising the resistivity 
by 10 times at 70° C. 6 y 

The addition of a filler to a p.v.c. compound can very sub¬ 
stantially reduce the abrasion resistance. Duggan 7 has published 
curves showing considerable increase of abrasion loss for com¬ 
paratively small additions of filler. 

(4.8) Extenders 

In this country, a technique has grown up in the use of certain 
materials such as cereclor and aromatic extracts (from petroleum) 
as extenders. These materials if used with suitable plasticizers 
appear to do more than extend the compound—they confer 
certain special characteristics. It is perhaps preferable to con¬ 
sider such materials as extenders of the plasticizers. As men¬ 
tioned with respect to resins, waxes and factices, they exert a 
softening effect, and they can add appreciably to the tensile 
strength, elongation, and flexure resistance; they are highly re¬ 
sistant to oils, solvents and water, and arevery resistant to ageing. 

(4.9) Standard Compounds 

It will now be obvious that a wide range of characteristics can 
be achieved by skilled variation of the quantities and types of 
the various ingredients incorporated in a p.v.c. compound. It 
is misleading, therefore, to refer to p.v.c. as if it were a single 
material. 

. As already stated, standardized compounds have been set up 
m this country to cover the general run of p.v.c. cable manu¬ 
facture under war-emergency conditions. These compounds 
have been carefully chosen and well balanced. It must not be 
assumed that they represent the full range of compounds which 
can be obtained from the known polymers, plasticizers, fillers, 
extenders, etc. Standardization in present conditions neces¬ 
sarily implies that unavoidable restrictions are applied to the 
performance of several types of cable in order to obtain'certain - 
characteristics in other types. When control is withdrawn and 
technical design is no longer subject to artificial limitations, the 
case for p.v.c. cables will undoubtedly be strengthened since 
one of the main points in favour of p.v.c. is the flexibility of 
design rendered possible by the range of known compoflnding 
ateriais. Natural expansion of the use of many thermo¬ 
plastics in the cable industry in fields where their unique pro¬ 
perties render them superior to rubber will then proceed un¬ 
hampered by the present war-emergency restrictions. 

(5) TESTING AND EVALUATION OF P.V.C COMPOUNDS 
(5.1) General 

P.V.C. compounds can be designed to meet the specified cable 
^, 1 '’ em , er ' ts ’ but a great deal depends on the testing technique 
employed to evaluate the properties of the compounds, the 
cable requirements must be translated into material requirements 
turn must be interpreted in terms of standardized tests, 
in 1942, the setting up of standardized tests for the essential 




Table 1 

Characteristics of Compounds to meet G.D.E.S.18. 



Vol. 91, Part II. 


AND SCOTT: THERMOPLASTIC CABLES 


(N 

« d 

d e 

■25 ~ 

« §1 

[Tl «» S3 

oaf a 

°J e l 

fij,© x 

§8^ 2 
0.7" cj *C 
« 

On u V 
sSo tn 0 
• « 

£ 5 g 2 •§ 

*S fi ! 1 

% g .’9 8 
oo^l < 

sill sit 

B?a 0 -g8 s 

Qz*h$ 


/•*M 

jjlSg 

l-Sl 

R2 “’2 

tS*8?8 

-Hill 


characteristics was attempted, and as a result G.D. .- 
issued. It is not proposed to discuss in detail tha spe ’ 

but rather to trace later developments in order to give P' _ 

of the problems involved. At the same time th g 
behaviour of p.v.c. compounds from the viewpoint ol their 
application to cables can be indicated. . or , flIV Wr&A 

Table 1 lists the major characteristic of thei^pcig 
compounds in terms of the testing technique of G. . • • • ^ 

In its original form G.D.E.S.18 depended large y 
duction of cable samples formed by extruding a 50 ^ul waU ot 

insulation round a 1/0-036 in conductor. In tins form of sample 

the material has been processed in a manner identica b) 

of extruded cables and is therefore truly representative of <»We 
insulation. There are, however, many sound ob J e f! 1 ° 
samples, notably the important factor of quantitative accura y 
and they are therefore gradually being eliminated^ fromthe 
specification and replaced by moulded sheet. Th aior ity 

in particular on the thermal deformation test and on the majority 

of the electrical tests. . . « ■ , 1 ,,^ 

The tests to which detailed consideration is given^mclud . 
flexibiUty, thermal deformation, agemg and the electrical tests.. 

(5.2) Flexibility . 

The simplest test for the flexibility of an Insulated wire h to 
wind it round itself; no cracking or flaking should occur. Wire 
insulated with p.v.c. compound of the types mgeneralu^ 
should pass this test with ease. However, such a tes. would 
not aid the cable maker in decidmg how much piasticizer 
incorporate in the compound. What he requires is a test whi 
indicates at what temperature flexibility approaches zero. Th 
enables him to adjust the compound so that ^ “S^ted wre 

or cable remains flexible at the lowesttemperaturethecableis 

likely to meet in service. It must be borne m rrnnd that excess 
plasticizer reduces the tensile strength and hardness obtainable 
usually degrades the electrical charactenstics, and increases the 
thermal deformation exhibited at the required maximum working 
temperature of the cable. Thus while it is prat:ticable tc> make 
compounds which are flexible down to, say ’ . 

normal practice is to reduce the plasticizer content so that 
flexibiUty ceases at about - 30° C or even higher temperatures 

^As'wiU be seen from a study of G.D.E.S.18, tests made 
On strips of the compound. Considerable development has 
taken place in the apparatus employed, in order to eliminate as 
far as possible the human factor and to obtain repeatable res 
nfWhaccuracv Fig. 5 illustrates the most modem type rf 
anoSus for carSg out this test in accordance wtih 
t+ ?c r,nm nossible to obtain such accuracy in the 
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test that changes in the plasticizer content can be determined 
with fair accuracy. Thus, for example, it is possible to check 
the effect of water immersion, not only by the gravimetric method 
pven m the original G.D.E.S.18, but also by a cold flexibility 
test, which is even more practical in its bearing. A pronounced 
change in the temperature at which flexibility vanishes would 
indicate that the plasticizer had leached from the compound 
during the period of water imme rs ion . 

Similar effects can be obtained by checking the temperature 
corresponding to zero flexibility before and after ageing. 

Cold bend or flexibility should not be confused with cold 
impact or shatter resistance. In general, the latter approaches 
zero at a somewhat higher temperature than flexibility. There is 
reason to believe that the impact resistance of p.v.c. is much 
prater than that of rubber compound over the range from 
~ • Im P act resistance is related to the type and quantity 

Ifh ? m the , Compound - ™ s is another characteristic 

which requires much more study—including standardization of 

pwsued ° f tCSt ' W ° rk “ thiS direction is bein S vigorously 

(5.3) Thermal Deformation 

ofn ^1?! admitted ^ the study of thermoplastic behaviour 
Jl- V -V“ emP f atUreS of the order of 7 °- 85 ° C is still incom- 
a slow h^Tn^ 111 C t as f S - ^ P ' V ' C ' com P° unds are associated with 
and & rt «dS e ? t y f W under L stress at elevated temperatures, 

In the manufacture of cables it is necessary to ensure that thp 
penetrate the 

that electrical breakdown may result, either under its own weight 
864 up by <be installation of tfie caWe Se 
shS?^ T f ° r CCrtam service caWes include tests in wMch a 
2,^ ts suspended over a suitable metal mancSand 
loaded with weights at each end.' The loading weSona 

or even 2 x 125lb 

vuraiaea cable). The conductor must not cut thmimh 
^0^“^^” t0 thC mandrel af£er Pcnfds^f 

It orignally seemed sound to make the thermal deformation 
tinner! o^ ,D °. n ^ V' 036 m insulated conductor men- < 
penetration*. bUt Wlth the modifi cation that the depth of the 

measured ThfamJfhn«!h 1 ^ Under , a given wei Sbt-loading was j 
been renlarJih m * d had several disadvantages and has now i 
n replaced by an ingenious alternative illustrated in Fig. 6. i 
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Strips of the compound are hung round a special . 
their thicknesses measured. 1/ 036 in wires, Ioid”d S? 
desired weights, are hung one over each strip and are * e 
m situ so that the total thickness of strip plus wire ;c ™jf SUred 
determined in each case. As penetration proceeds 
of this total thickness can be determined by the micrometer5 
ff desired, a curve of deformation against time cinT d ’ 
m. 7). F„rihe™ore, o„ f »vmI S orteZSt2"S 

40 l I I I I I-1-1-1-^-r-pjr-,- 

Compound A 


hEHSH 


SgSaaaasinieiBSl 

SSSssBsmmmmMSSK 



Time in days 

Fig. 7.—P.V.C. thermal deformation test (at 70° C). 
t^,7^° f J he C0 T P ? Und ** he measured and recorded on a 

the material ceases to flow after a short time. ’ 






Fig- 6—Thermal-deformation test apparatus. 


( 5 -4) Ageing 

00—^“,^™"' f [™ *» Ws characteristics of a p.v.c 
rabberSh„' 1 S“ : s to ^“' ,0d <?“' faTO "™* ^ Main 
requires checking is the loss of plasticizer 8 * 1 ”"“ Whfc * 

*° include iu 

initiation of one or more Should com Prise the deter- 

application of heat^L^ v f thCSe pro P erties before and after 

to give an arm™** e *ection of the exact conditions of test 

difficult. Ori ginall y tbe a S e mg effect is most 

as the mwi,t.n i~,| strength and elongation were chosen „ 

why 3fS2 m -° 1)6 6Xamined - ^ 4 indicates 
similarly elonSf j£? d mcrease with loss of plasticizer; 

properties are not ideal for ^esta hr w W3S found ^bat 
before and after aeeintr tebbsIu ? s accura te differences 

perature has also ^ ban Se of cold flexibility (zero) tem- 

(Fig T mav lo^f con ® ldered (sec Section 5.2). Hardness 

combination of temperature Md n arfl SenS - tiV ? teSt The correct 

Obviously ffie temnerem t flo , wls aho difficult to settle, 
be in excess of the rnSum f °" the a ® ein 8 test should 
P.V.C. compound 4 t v d working temperature of the 

must SoStrbSi^ ™'? OW *■ however, one„which 
to asseL ffieexSS ^ fl!T **■ di ® cult * not impossible ; 
difficulty that S Airflow re !? ? rvice \ V*** « ** the 

related to teas ?“.? rip *' d re not directly 
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av be protected to some extent from volatilizing effects by a 
Jd or tape which is impregnated or lacquered. In the United 
tates the view is apparently held that lacquered braiding has 

* AM in all, there is n<3t much hope at present of correlating an 
„ lera ted’ageing test with the average ageing characteristic of 
cable in any particular type of service. Auxiliary data are 
, ine collected by the examination of cables which have had a 
crvke life of some years, but, since p.v.c. cables have in general 
niv had a few years’ life, some time must elapse before a com- 
rehensive statement can be made on the subject. Meanwhile 
iccelerated ageing tests are employed both on compounds and 
>n cables to ensure that no undue deterioration can occur. 

(5.5) Abrasion 

Experience in the field with p.v.c. sheathed cables seems to 
indicate that the abrasion resistance of the material is of a some¬ 
what higher order than average tough-rubber sheath. This is 
bofne out to some extent by laboratory tests, but here again 
there is some difficulty in setting up a standard test which would 
D er m it the accurate-estimation of the quantitative effect of 
various plasticizers, extenders, fillers, etc. So far, no test of 
this type has been included in G.D.E.S.18 although certain 
cable specifications include tests on the finished cable. Duggan 
has carried out work which seems to confirm the view that h 
abrasion loss of p.v.c. tends in general to be considerably less 
than that of a normal rubber. 



(5.6) Electrical Tests and Characteristics 
With the exception of electric strength, the electrical charac¬ 
teristics of p.v.c. are so dependent upon the polymer, p ’ 

extender, filler, etc., employed that a careful check must bem 
of the compound to determine whether the specified requirements 
have been met. Table 1 indicates that the resistivity' of com¬ 
pounds which have been plasticized to give - 30 Ccold Ae 
bility ranges from 1 X 10‘° to 1 X: 10« ohms/cm cube at 20 Q 
If less plasticizer is employed (cold flexibility 2 * 

of 1 x 10 12 to 1 X 10 14 may be exhibited. Further raising of 
the cold-flexibility temperature coupled with the use ot 
highest electrical grades of polymer, plasti<:izer, etc may enalote 
the resistivity to be raised somewhat above 1 ^ J° f-t 20_ 

This comparatively low maximum value is coupled with a steep 
resistivity/temperature characteristic which reduces th 
Sty to about l/100th of its value for a rise m temperature of 
50° C It will therefore be realized that p.v.c.-msulated cable 
are not particularly interesting from the insulation-resistance 
point of view. Fortunately this characteristic is addom ofi»l 
practical value in service. For thermoplastic ca bles which m 
service require high insulation resistance a non-polar material 

such as polythene must be employed „ d 

Similarly, the dielectric loss of the material is big 
extremely variable with temperature and frequency (Fig. 8). By 

careful selection of plasticizer and ^“f^So^ factors 
mav be produced having reasonable dielectric power lactors 
(eg 0 -05-0-06). In general, however, such selection imposes 
£rio« limitation, on tho mtduntad property ofthe 
The conclusion must be reached that, except during 
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emergency, p.v.c. is unlikely to be used as an insulant at fre¬ 
quencies greatly in excess of 2 kc/s. 

Similar remarks apply to the permittivity which for an insu¬ 
lating grade at 20° C works out in general at 6 to 8. Special 
compounding can achieve values of 4*5 to 6 with the limitations 
mentioned above. Fig. 9 indicates that there is also a pro¬ 
nounced temperature coefficient for permittivity. 

(6) MANUFACTURE OF P.V.C* CABLES 

P.V.C. can be applied to the insulation of cables in at least 
three ways, namely taping, longitudinal-strip application, and 
extrusion. The first method is not used to any marked extent 
in this country, although it is used with success for certain types 
of cable abroad. 

Longitudinal-strip application is a leading method in this 
country for applying natural and synthetic rubber compound. 
The process depends on self-adhesion of materials, in which 
property p.v.c. is lacking. This method, therefore, has pre¬ 
sented certain difficulties and has involved cable makers in con¬ 
siderable development work. Success has been attained with 
braided p.v.c. cables, and there is considerable hope that success 
will soon be obtained with taped cores. 

In preparing the p.v.c. strips for longitudinal application, 
some strains are set up in the material. These must be released 
by heat treatment (which also welds and consolidates the multi¬ 
layer structure) under mechanical pressure in order to avoid 
splitting, etc., the pressure being most easily applied by braiding 
prior to heat treatment. It will be noted that the necessity for 
heat treatment to a great extent cancels the advantage claimed 
for a thermoplastic insulation in that it does not require vul¬ 
canization. 

Extfusion is the normal method of applying insulation and 
the sole method of sheathing cables. P.V.C. is one of the easiest 
thermoplastic materials to extrude, and very fine results can be 
obtained in respect of concentricity, thin walls, etc. 

It may be of interest to include a brief account of the st ages 
of processing, leading up to extrusion of* the insulation or sheath. 

Compounding can be effected in dough mixers, open mills or 
Banbury mixers. In this respect it follows rubber practice closely. 

Normally, p.v.c. resin will reach the factory in the form of 
a powder. , Supplies of plasticizers in liquid form, together with 
other ingredients which are either powders, liquids, or pastes, 
will also be available. The appropriate proportions of the 
, different substances required to provide the correct compound 
are weighed out and are usually thrown into a simple type of 
mixing machine. This provides a mechanical mixture, which 
may be a paste or a damp powder. • 

The mixture is then passed to, a mixing machine in which the 
polymer is gelled by the plasticizers in a process which combines 
heat and mechanical working. It is here that the chemical 
stability of the mixture first becomes an important factor. In 
order to achieve satisfactory mixing of certain classes of com¬ 
pounds, comparatively high, temperatures are desirable, e.g. 
130° C. It is necessary to ensure that at these temperatures 
there will be neither decomposition of the p.v.c. molecule, nor 
■ any appreciable loss of the plasticizers or extenders, 
i .. After the material has gelled or plasticized in this machine it 
is usually rolled into strip form for storage. In certain cases the 
soft dough may be transferred direct to the extrusion machine. 

\Vhen strip is employed, it is usually first heated in a suitable 
oven at a temperature preferably not in excess of 80~96 6 C apd 
is then fed to the throat of the extruder. It is desirable that the 
temperature, both of the strip and of the extruder, should be 
maintained uniform in order to ensure uniformity in size arid 
shape of the extruded composition. ^ 

Extruder^ are of various types, mostly similar to the well- 


known rubber type, though with certain modifications. The 
commonest difference is that an electrically-heated extension- 
head should be provided, which ensures an even flow of material 
through the die or orifice of the machine. Unlike rubber^ which 
is often extruded without a positive ^haul-off and take-up 
mechanism, p.v.c. extrusion is nearly always accompanied by 
such a mechanism, and the size and uniformity of the extruded 
wire is usually controlled by varying the rate at which the wire 
is hauled through the machine. The usual take-up mechanism 
removes the cable or wire from the capstan and winds it on to 
the appropriate drum. 

Temperatures at which extrusion, is to be carried out will vary 
both with the type of machine and with the quality of the com¬ 
pound being extruded. Usually the die temperature is higher 
than 150° C; temperatures lower than this are liable to provide 
extruded cores or sheathing with excessive strain, which may 
give trouble in service. 

Attention must be given to the design of the extrusion 
machine, particularly to the head and die. The main point* is 
to avoid pockets which may cause prolonged local heating of 
any idle p.v.c, compound which may become lodged. This 
results in the deterioration and embrittlement of the latter due 
to loss of plasticizer or to thermal decomposition. When these 
cohered particles emerge they spoil the extrusion. Water cooling 
is customary, though not essential. 

The speed of extrusion will clearly depend on a number of 
factors, such as the type of machine employed, the size of the 
cable being run, and the type of compound. 

With the correct compounds and the appropriate temperature, 
it is possible to extrude p.v.c. into strips of insulated wires 
separated from each other merely by small fins. It is also 
possible, for example, to extrude spider sections (giving an air- * 
spaced insulation) in a single operation. In fact, the intricacies 
of sections which may be extruded depend only on the ingenuity 
of the die designer and the ability of the machine operative. 
P.V.C. has unlimited possibilities in this respect. 

Brief mention may be made of the methods employed for the 
manufacture of p.v.c. tubings. These are similar in most 
respects to those described for p.v.c. cable manufacture. It is 
usually desirable, however, in extruding p.v.c. tubes, to provide 
a small air pressure to the centre of the tube to prevent it from 
collapsing, the tube being carried away from the extrusion 
machine by means of a light conveyor system. This obviates 
the necessity for pulling or hauling the material from the die by 
the usual haul-off gear, which, though satisfactory for the centre 
wire of a. cable, would be impracticable for a tube with uniform 
wall thickness and diameter. 

No mention has been* made of the use of strainer plates or 
gauzes in the head of the extrusion machine. Since p.v.c.. 
compound is made from powders, liquids, etc., there is always 
some risk of undispersed particles of powder forming an 
agglomerate, which could cause faults in thin-walled insulation. 

It is desirable, therefore, though not essential, that extrusion 
machines should be fitted with appropriate strainers. 

(7) CHARACTERISTICS OF CABLES 

The outstanding qualities of p.v.c. are its resistance to sun¬ 
light, oxidation, fire, and a large variety of chemicals including 
oils-~-quafities in which rabbet is somewhat deficient. These 
qurilities^ coupled with excellent resistance to abrasion and ;; 
(within certain temperature limits) to impact, naturally draw the 
attention of cable makers to its potentialities as a sheathing 
material. The earliest applications of the material in the cable 
field were in this direction, particularly for aircraft and ships,' 
and probably these applications account for the greatest con¬ 
sumption of p^e. compound at the preserit time. 
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The material, however, possesses very considerable resistance 
to electrical breakdown, with one notable exception to be dis- 
cussed*later. Since this is the primary characteristic of a cable 
insulant for power purposes, consideration was given to the use 
of the material as an insulant, particularly for thin-walled cables 
in which it was uneconomic to apply separate insulation and 
jacket, e.g. thin-walled flexibles for machine wiring, switch¬ 
boards, etc,, where the special qualities mentioned above, coupled 
with bright, easily distinguished colours, are assets of consider¬ 
able value. 

- Whereas in the United States a specification 1 for ordinary 
building wire was introduced some time ago, in this country the 
decision to use p.v.c. as a principal substitute for rubber was not 
taken until early in 1942. The preliminary work leading to 
the modification of B.S. Specifications, etc., was then put in 
hand. 

It is important, however, at this stage to note two very impor¬ 
tant points of divergence between the development of p.v.c. 
cables in America and Great Britain during 1942-3. For 
reasons which must be obvious but which cannot be discussed 
here, the selection of materials, e.g. polymers and plasticizers, 
is considerably restricted in Great Britain. Also the major con¬ 
sumption of p.v.c. compounds is for Service cables. Naturally 
this consideration imposes severe restrictions. All compounds 
developed and utilized for cable-making have therefore been 
designed with Service requirements as the target. Reference to 
G.D.E.S.18 indicates that low-temperature flexibility is a primary 
requirement, setting a standard of plasticizer content which pre¬ 
determines many other characteristics. The American specifica¬ 
tion 1 contents itself with compounds meeting less restrictive and 
more general requirements. 

• The electrical and mechanical characteristics at maximum 
operating temperatures are somewhat different in the two 
countries, the electrical resistivity and the resistance to thermal 
deformation being somewhat higher in the United States. There 
is, however, reasonable agreement on the maximum safe working 
temperature for unbraided insulation, namely 60° C (U.S.A.) 
and 57°-C (Great Britain). For insulation working above 60° G 
in the U.S.A. it is deemed desirable to add braiding. The 
reasons are not the same as those associated with the use of 
braid in rubber cables; they axe (a) to minimize volatilization of 
plasticizer, and (b) to improve resistance to thermal deformation. 
With such precautions and using normal American mixes it is 
considered practicable to work cables at 75° C (U.S.A.).. 

As noted above, the electrical characteristics of p.v.c. (apart 
from electric strength) are not particularly good, and if a high- 
quality standard is required in respect of insulation resistance, 

* permittivity or dielectric loss ? then p.v.c. is a questionable 
choice. The electric strength of p.v.c. is, however, sufficient 
for all purposes except high-frequency working. Owing to the 
high losses> and considerable temperature coefficient, thermal 
breakdown may be expected if appreciable voltages at frequencies 
of the order of megacycles are employed. 

Mechanically, the insulation and sheathing produced from 
p.v.c. compound is somewhat difficult to evaluate scientifically. 
In this country it is largely used to replace rubber. The elastic 
properties of p.v.c. have been discussed in Section 2. It cannot 
of course replace resilient tough-rubber sheath owing to its lack 
of resilience.; It can, however, replace ordinary tough-rubber 
sheath, often with the introduction of improved characteristics.. 
As an insulation it is noteworthy that it has seldom, if ever, 
replaced rubber when the service conditions of the cablehave 
demanded that rubber compound not inferior to G.D.E.S.16, 
Amendrnent 3, Vrnst be employed-—this despite its very con¬ 
siderable tensile strength. As against rubber compounds to 
G.D,E.S.16, Amendment 4, p.v.c. exhibits very good mechanical 
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properties and produces cables which compare very favourably 
with their present-day rubber equivalents. 

It must again be stressed that these comparisons are artificial. 
Both materials suffer from restrictions and control which are 
essential at present, but which do not permit of their best tech¬ 
nical performance. The position under free technical and 
economic competition might be quite different. The present 
emergency substitutions of p.v.c. for rubber are, however, 
assisting in the compilation of essential data regarding per¬ 
formance in service which otherwise would emerge somewhat 
slowly. The experience gained over the next few years from 
the performance in service of such cables will go far to evaluate 
the mass of laboratory data in terms of practical performance. 
This will pave the way for the scientific application of thermo¬ 
plastic cables in the post-war era for those conditions of service 
in which it may prove desirable and economic to employ them. 
To raise questions at present regarding the expected increase in 
life for a thermoplastic cable in comparison with a rubber cable 
is not entirely reasonable and can only lead to answers founded 
largely on laboratory data which are still inconclusive and 
incomplete. 

* On the other hand, the progress made in producing satis¬ 
factory thermoplastic cables is such as to assure cable maker and 
user alike that a valuable addition to the list of cable-making 
materials has arrived and has come to stay. 

(8) USES AND INSTALLATION OF CABLES 
" (8.1) Uses 

By far the greatest consumption of p.v.c. for cables at home 
and abroad is for Service purposes, in particular for aircraft 
and ships. We are not here primarily concerned with such 
applications, but rather with uses allied with B.S. Specifications, 
e.g. B.S. 7 and B.S. 883. It must be noted, however, that the 
close relationship between Addendum 3 of B.S. 7 and G.D.E.S.l , 
etc., is such that the Service requirements, e.g. cold flexibility, 
dominate the manufacturing situation and result in G.D.E.S.18 
being applicable to both sets of specifications. For the time 
being at least, this universal adoption of G.D.E.S.18 is necessary. 
This applies also to B.S. 883 and to any other “civilian” cables 
which may be designed and manufactured. _ 

Essential civilian uses lie mainly in the direction of installa¬ 
tions in buildings and ships, machine and switchboard wiring, 
light-current wiring (including telephone cords). A recent 
addition to the range of p.v.c. cables is the insulated wire for , 
miners’ cap-lamps. A p.v.c. type of cleat wire is under con¬ 
sideration. 

In drawing up specifications, it is usual to rank rubber and 
p.v.c. as equivalent materials, and to design the p.v.c. cables 
to the same dimensions as their rubber counterparts. There are 
one or two points of difference which merit comment. For the 
time being the maximum conductor size of p.v.c. cables is 
limited to 0*06in 2 . This limit will undoubtedly be raised as 
soon as the compound can be “hardened” by modifying the cold 
flexibility requirement. It may be raised before then by the 
development of new types of compound with a wider tempera¬ 
ture range. It is, of course, not certain that present compounds 
are uns uitable for sizes of conductor of, say, (FI in 2 , but further 
field experience is required and the inethods of installation may 

’vneed- : study^/;v:: - , 

For B.S. 7 cables it is considered (and approved by I.E.E. 
Wiring Regulations) that the overall braiding may be oimtted, 
even for cables drawn into conduits when t^ 
i ^QHdern and well constructed. It should be rehae^ 
for the present, braiding is essential in certain cases to permit 
the cable maker to bring bisi longitudinal-strip insulating 
mtibhm operation. It should, be noted that American 
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practice omits braiding for cables working below 60° C (max), 
although recommending it for cables and wires used at higher 
temperatures. A considerable quantity of p.v.c.-insulated wire 
(both braided and unbraided) is already in service in this country. 
Discussion on this paper may produce some interesting comments 
from the point of view of the user. 

P.V.C.-insulated wires have largely evolved from thermo¬ 
plastic sleevings. Since *these had to be extruded, it appeared 
reasonable to include the conductor in the process and produce 
“connecting wire.” The p.v.c. insulation appears to give 
excellent performance. Such wires should, however, be used 
with discretion at frequencies of the order of megacycles. Some 
troubles with soldering have been experienced. The outstanding 
flexibility arid resistance to flexing failure of the p.v.c. insulation 
are an attraction for items such as telephone cords. 

Turning to ships’ cables, the issue of the supplement to 
Amendment 3 to B.S. 883—1940 has been backed up by Notice 
No. 1805 from Lloyd’s Register of* Shipping, which at the same 
time gives an excellent resume of the merits of p.v.c. and also 
lays down tentative amendments to the Rules for Electrical 
Equipment. These amendments limit the use of p.v.c. cables 
to 250 volts and to conditions where the ambient temperature 
is not greater than 45° C, and exclude such cables from open- 
deck situations exposed to the direct heat of the sun and from 
situations where the cable is attached to metal similarly exposed. 
These restrictions appear to be'sound—at least until further 
experience is built up on the basis of service performance and 
until present-day restrictions on types of compound are removed. 

It is to be anticipated that rapid progress will be made in both 
these directions, and that the use of p.v.c. cables on shipboard will 
cumulatively increase. A large amount of the p.v.c. compound 
used in America finds its way into ships’ cables, and the maximum 
temperature ratings of certain types is of the order of 90-100° C. 
Special compounds and constructions, however, are used; one 
example is the employment of p.v.c. in place of lead sheaths 
for cables insulated with varnished cambric and/or asbestos. 
This appears to be attractive where high flexibility is a require¬ 
ment and where weight saving is desirable. But it must be 
remembered that, although p.v.c. sheathing is resistant to 
moisture, like almost every other non-metallic membrane, it 
passes water vapour from the atmosphere to dehydrated fibrous 
material within it. The diffusion constant of normal p.v.c. is 
from 3*8 x 10 8 to 11 - 4 x 10~ 8 g/hr/cm/mm Hg, depending 
upon the type of compound. This value is of the same order 
as for rubber and is much worse than that for some other 
thermoplastics (e.g. polythene, 0- 3 x 10~ 8 ). Nevertheless, it is 
to be expected that in due course some interesting developments 
in this particular field will evolve. 

It should be noted that some p.v.c.-insulated and sheathed 
cables have been successfully operated when* installed direct 
underground. 

Apart from cables of conductor size greater than 0 * 06 in 2 , 
several other development aspects are being investigated vigor¬ 
ously with a view to extending the scope of p.v.c. cables. These 
include flexible cords attached to high-power lamps, automobile 
cables, etc., where the temperature is high. Field trials have 
been instituted and a considerable amount of data have already 
been collected. It may be expected that any weaknesses exposed 
by such field tests can be corrected by adjustment of the com¬ 
pound employed—when this becomes practicable. A further 
point being checked by practical trial is the relative merit of 
multicore cables “filled” with fibrous materials as against cables 
“filled solid” with p.v.c. The latter type appear to be less 
flexibly than their well-known rubber counterparts, but the loss 
bfflejdbility may be more than compensated by the gain in other 
mech^ -. ■ ■■• ■ i , ■ _ 


(8.2) Installation 

It has been said that to utilize thermoplastic cables success¬ 
fully it is necessary to become “plastic minded,” in contrast with 
the “rubber mindedness” now exhibited by makers and users. 
Installation is a very strong case in point. Users of p.v.c. and 
other thermoplastic cables must be prepared to revise many of 
the traditional installation methods employed for rubber cables. 
It is in installation that the greatest divergence will be observed 
between thermoplastic and rubber behaviours. An outstanding 
example is the use of unbraided cable in well-built conduits. It 
should be poted that such cables can be greased with petroleum 
jelly or similar lubricants to aid installation. 

Repairs and jointing also present a somewhat different 
problem. Veit 8 has recently published an article devoted to 
this subject, and his principal point may well be re-emphasized, 
namely that heat alone will not weld thermoplastic joints; heat 
and pressure applied simultaneously are required. Given such 
an application, the repair arid jointing of thermoplastics becoftie 
simpler and neater than the corresponding rubber processes. 
One modem method of achieving this combination may be with 
the use of high-frequency heating—which is now finding applica¬ 
tions in many directions. A general review of this technique 
was given recently in British Plastics , 9 and this review included 
a reference to one method particularly applicable to p.v.c and 
to p.v.c. cables. 10 

It may be of interest to describe two alternative methods of 
jointing on which proofed taped is employed to control the 
p.v.c. during the heating process. 

Method 1 e 

After jointing the conductor, p.v.c. paste, made by dissolving# 
p.v.c. in cyclohexanone, is smeared along the conductor, and a 
portion of insulation, of the same length as the exposed con¬ 
ductor, is removed from the end of a similar cable, in the form 
of a split sleeve. The split sleeve is placed over the conductor 
and the paste is pressed into the split on the sleeve and at the 
ends where the sleeve is butting with the insulation proper. The 
whole is then tightly taped with three proofed tapes, proof-side 
down, and the repair is heated by means of a small gas flame or 
other suitable lamp until the outer tape changes to a creamy 
brown. The tapes are then removed. 

Note .—In repairing a p.v.c. sheath to a multicore cable in 
which the core insulation is p.v.c., special care should be taken 
not to use too much heat when bonding the sheath. 

Method 2 

After jointing the conductors, the p.v.c. at each end of the 
joint is tapered down to the strand for a length of approximately* 
twice the diameter of the cable. The whole of the exposed 
conductor should then be cleaned with a suitable solvent, such 
as benzene or petrol, to remove all grease or foreign matter. 
The insulant, in the form of a split tube of p.v.c. or a fine tape 
lapped on, is applied to the joint. Where the sheath is reasonably 
free to move on the conductor or core, it may be drawn back 
before jointing the conductors, and after making the joint the 
p.v.c. may be pulled back into position over the joint and over 
the other end of the p.v.c. irisulant. In this case the conductor 
must be shortened. The joint is then consolidated as fo/lows: 
A wrapping of metal foil (or two or three wrappings of proofed 
tape, proof-side down) is applied to the joint and extending a 
few inches beyond the repair. The whole joint is then heated 
carefully and evenly by means of a gas flame or a gentle flame 
firorii a blowlamp until consolidation occurs. ^When using the 
proofed tapes, this*will be achieved when the outer tapeohanges 
to a creamy brown. Alternatively, the taped cable may be 
Wax bath for sufficient time at approximately 
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250° F to ensure consolidation. After cooling, the proofed tapes 
may be removed. 

Other methods, employing special accessories, e.g. moulds, 
have also been developed. 

The soldering of thermoplastic cables is a matter which 
requires' study by users. There are complaints from time to 
time that the insulation of p.v.c. cables shrinks unduly when a 
soldering iron is brought into contact with the conductor. 
Soldering is undoubtedly a troublesome operation under present 
conditions. It is necessary, for example, to cater for some of 
the troubles by including tinned conductors for p.v.c. cables 
when the diameter of the individual wires constituting the con¬ 
ductor is less than 0*029 in—despite the fact that p.v.c., unlike 
rubber, does not require tinned conductors for chemical reaction 
reasons. An undue amount of heat and/or an undue prolonga¬ 
tion of application of heat should undoubtedly be avoided in 


THERMOPLASTIC CABLES 

the presentation of a complete survey of the thermoplastic cable 
field, the more so since, no such complete survey appears to have 
been published. In 1939, Schatzel 11 gave a broad picture of the 
position in the United States. During 1943, Veit 12 has written 
an article on the subject, but like the present paper it naturally 
emphasized the p.v.c. aspect. Similarly Chapman 1J devoted 
most of his recent paper to p.v.c. Barry, Tunstall, Pollett and 
Jesson 14 have written a series of articles on synthetics as applied 
to cables which covers a somewhat wider field than the other 
writers mentioned. 

Pending the presentation at a suitable date by some competent 
author of a broad review of thermoplastic materials (other than 
p.v.c.) applied to cable-making, it would appear to be useful to 
include here a brief comment on some of the other materials 
which may in the near future be influencing the trend of ordinary 
wire and cable design (see Table 2). 


Table 2 

Electrical Characteristics of Thermoplastics (other than P.V.C.) employed in Different Forms of Cable Manufacture 



Polystyrene 

Polythene 

Polyisobutylene 

Ethyl cellulose 

Polyvinyl formal 

Nylon ' 

Electric strength, volts/mil 

Resistivity, ohms/cm cube 

Permittivity: 

at 50 c/s . 

at 1000 c/s 

Power factor: 

a,t 50 c/s . 

at 1 000 c/s . 

900 

10 17 

2*5 

2-5 

0 0002 
0-0002 

1000 

10 17 

2-3 

2-3 

0-0001 

0*0001 

900 

10 16 

2*3 

2*3 

0*0004 

1 200 

10 14 

3*2 

3*1 

0*013 

750 

10 14 

3*7 

0*0007 

400 

10 13 

3*2 

3*3 

6*018 

0*025 

_ „AA*A +Uo> 


Note. _The above values apply to the pure unplasticized material; where plasticizers or other compounding ingredients are added the 

characteristics will be proportionately affected. * 


soldering thermoplastic cables. All possible precautions to aid 
the removal of heat from the insulation should be employed. 
Without such precautions, for example, polythene becomes a 
viscous liquid and will leave a gap between the soldered con¬ 
nection and the adjacent insulation. Excessive heat leads to the 
shrinkage phenomenon experienced with p.v.c. Investigation 
of the phenomenon has been made and is continuing. Braiding 
definitely tends to minimize the effect, but the effect on unbraided 
cables is erratic in that it only in some cases occurs. This is 
undoubtedly due to the fact that the shrinkage is caused by the 
sudden and uncontrolled release of strain set up in the p.v.c. 
during its earlier processing. It should be stressed, however, 
that v$ry many p.v.c. cables are soldered daily without this 

• phenomenon appearing. . « , 

Another aspect of the study of thermoplastic cables must be 
considered, namely the application of pressure in cleats, clips 
and water-tight glands. Deformation of p.v.c. compounds con¬ 
sidered suitable for normal cable work can only become serious 
when "there is a combination of heat and pressure and in par¬ 
ticular when the pressure “follows up” the deformation. At 
ordinary temperatures and with pressures which fall off as^the 
material tends to yield, deformation cannot be serious. Cold 
flow in its correct sense should not be observed in a well-designed 

p.v.c. cable. ; ,, V. ■ , , 

• it tnust he appreciated, however, that the design of a gland 
for a thermoplastic cable differs considerably from that of a 
gland for a vulcanized-rubber cable. Users of such glands 
would bb well advised to seek expert advice on this subject. 

■ • " ■ . ■ ■ 

• (9) thermoplastics other than p.v.c. 

(9.1) General •._ 

: It is unfortunate that space and other considerations prevent 


(9.2) Polythene 

This material has been mentioned from time to time in this 
paper since, while contrasting definitely with p.v.c. in many of 
its characteristics, it is in some ways a complementary material. 
A combination of polythene insulation with p.v.c. sheathing 
may well prove to be the ideal thermoplastic cable combination 
for most purposes. High insulation-resistance, low permittivity 
and dielectric loss, etc., can thus be obtained in conjunction with 
all the merits of p.v.c. expounded above. It is understood that 
the electrical properties of polythene will be dealt with in a paper 
to be read before this Institution in the near future, so that 
detailed discussion need not now be entered upon. It is sufficient 
to comment that the material is already well-developed as a cable 
insulant and is giving excellent service performance. 

(9.3) Ethyl Cellulose 

This material resembles p.v.c. in that it requires compounding 
to attain sufficient thermoplasticity for cable purposes. Until 
recently the plasticizers employed have not been entirely satis¬ 
factory for many cable purposes, but there has been much 
improvement in this direction. The material has good electrical 
characteristics, superior to p.v.c., and it is flexible at low tem¬ 
peratures, but on the other hand it is not resistant to solvents 
and it is inflammable. 

(9.4) Polyisobutylene 

By i tHf, this material has never been successfully used as a 
cableinsulant; but it has proved to be a most useful compounding 
a ggnt, and as such has figured in compounds with polythene, 
polystyrene; rubber, cyclized rubber, etc. The lower-molecular- 
weight types axe liquid but the higher-molecular-weight types 
(60000 to 100000) are solid and rubbery. They have become 
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familiar as Vistanex (U.S.A.) and Oppanol (Germany). P.i.b. 
is less thermoplastic and more “rubbery” than unvulcanized 
rubber. It has high resistance to ozone and imparts this charac¬ 
teristic to compounds containing it. On the other hand it is 
broken down (de-polymerized) by sunlight. The temperature 
range of its elastic properties (— 70° to 4- 180° C) is the widest 
known. Its electrical properties compare favourably with poly¬ 
thene and polystyrene, aqd as a compounding material it has 
been employed very considerably for cables working at high 
frequency. The greatest defect of p.i.b. is the cold flow, which 
is pronounced. 

* P.I.B. has been largely employed as a compounding material 
- for rubber mixes (see Longman 15 ) to induce resistance to ozone, 
* acids, alkalies, common salts, and heat. This emphasizes an 
aspect of the use of thermoplastics which has not been dealt 
with in this paper, namely the part that can be played by 
thermoplastics in modifying rubber mixes and thereby strengthen¬ 
ing the position of rubber in any technical competition which 
may arise between rubber and thermoplastics. 

(9.5) Polystyrene 

This material also has not been employed by itself as a cable 
insulant, although it has had quite considerable use in combina- 
. tion with rubber and/or polyisobutylene. It suffers from the 
defect that it is comparatively brittle at ordinary temperatures 
and requires the development of a suitable plasticizer to bring 
it into the sphere of normal thermoplastic cable insulants. It 
becpmes extremely rubbery at about 80° C. It is of course a 
component'in Buna-S (GR-S) which is a co-polymer of butadiene 
and styrene. It may thus be claimed that thermoplastics are 
also assisting in building up the position of synthetic rubbers in 
the competitive field mentioned above. Electrically, polystyrene 
is in the polythene class. 

(9.6) Nylon 

Although this material is extrudable at very high temperatures, 
its principal contribution to the cable field is as an enamel for 
magnet wires or as an extremely strong filament (textile) for 
braiding. Its principal merit is high abrasion resistance, and it' 
may be considered solely as a protective material. 

(9.7) Cellulose Butyrate Acetate 

This material is used considerably in the United States, usually 
as a tape insulant and particularly for automobile cables. 

(9.8) PblyvinyKdene Chloride 

This resembles nylon to the extent that it requires a high 
extrusion temperature and that by “drawing down” it can (by 
orientation of the molecule) be given a greatly increased tensile 
■ strength. It cannot be easily plasticized. Vinylidene chloride 
can, however, be co-polymerized with vinyl chloride, 16 and some 
interesting materials in this series are being developed. 

(10) P.V.C. VERSUS RUBBER 

It is unfortunate that topical discussion tends to set up a 
£ competition between rubber and' thermoplastics. It is argued 
on the one hand that, with the growth of thermoplastic produc¬ 
tion, rubber as a cable insulant and/or sheath will be restricted 
to a few special uses. On the other hand it is argued that 
thermoplastics, in view of their plastic attributes, will always 
be inferior to rubber which, in virtue of its vulcanization, 
becomes “set” and elastic. The truth in all probability lies 
beween these two extremes, i.e. both rubbers (including iyn- 
thetic) and thermoplastics will play a part in future cable 
development. * ! yv:'\V 


While rubber is an extremely versatile material, it has a number 
of disadvantages: it is attacked by oxygen, ozone and sunlight. 
Minute amounts of common materials such as copper and man¬ 
ganese make it break down readily. For this reason, all copper 
wires used in rubber cables must be very adequately protected 
by tin or lead. It is also attacked by strong acids and is swelled 
by oils and solvents. It is highly reactive chemically, owing to 
its unsaturated chemical character. The chemical inertness of 
a thermoplastic such a p.v.c. has been well expressed by Chap¬ 
man. 13 Polythene is resistant to chemical attack; the charac¬ 
teristics of polyisobutylene have been dealt with above. 

Rubber possesses, however, excellent electrical characteristics 
and high mechanical strength. Because of its versatility, rubber 
has been adapted to a vast variety of cable and wire applications 
and its weaknesses have been masked to a great extent by the 
ingenuity of the cable engineer. No one thermoplastic can cover 
the range of applications to which rubber has been adapted. 
For each specific application, however, it is probable that a 
thermoplastic or thermoplastic compound can be devised which 
will compare favourably with rubber. P.V.C. has undoubtedly 
proved that it is an adequate substitute for rubber in many cases; 
other thermoplastics such as polythene would undoubtedly have 
exhibited similar replacement value if supplies had been avail¬ 
able. In any event, both p.v.c. and polythene have made 
possible the manufacture of cables and wires with important 
characteristics which could not be equalled by rubber. 

It is thus a reasonable prophecy to say that, when the war is 
ended and free competition in respect of materials on an economic 
basis is again in force, thermoplastic materials will be found to 
have taken up a definite and useful position in the cable, field. 
It is not reasonable, however, to assume that rubber will be 
largely eliminated; further the case of thermoplastics versus 
synthetic rubbers has still to be examined in the light of a growing 
experience of both types of materials. 


(11) CONCLUSION 

The main object of this paper was to review the present posi¬ 
tion of pommonly used thermoplastic materials such as p.v.c. 
in the cable field and to indicate the methods of evaluation of 
suitable insulating and sheathing compounds. The evidence leads 
to the conclusion that suitably selected thermoplastic compounds 
can produce satisfactory wires and cables whose characteristics 
are such that the corresponding rubber cables can be replaced 
by these thermoplastic cables. Oxidation need no longer be 
considered as the predominant factor in determining life; there 
are still restricting factors which prevent thermoplastic cables 
from being worked at temperatures appreciably in excess of 
those suitable for rubber cables, but these factors are of a 
different nature and may be countered by development and 
design along lines which would be impracticable for rubber. 

Tie cable engineer has acquired a range of alternate materials 
which, while they present problems of their own, promise inter¬ 
esting solutions for some existing problems. 

A period of accelerated development of wires and cables 
of compound characteristics must inevitably ensue as soon 
as free choice, on an economic basis, of such materials is 
practicable. • ^ 

The authors wish to point out that this paper has been written 
on behalf of the Cable Makers-(War Emergency) Technical Com¬ 
mittee^ which represents the combined technical staffs of the entire 
cable industry. They must therefore acknowledge the immense 
assistance derived, in compiling the paper^ffom the free access 
afforded to the technical data which have in recent years 1 been 
accumulating rapidly in the laboratories and technical depart* 
meh& of the industry. 
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DISCUSSION BEFORE THE INSTALLATIONS SECTION, 10TH FEBRUARY, 1944 


Mr. G. O. Watson: It is a matter for speculation to what extent 
p.v.c. cables will continue to be used in the post-war era. In many 
respects they may be considered superior to rubber, e.g. m 
their fire-resisting and non-ageing properties, and their resistance 
to oils, chemicals, etc.; but it is their thermoplastic properties 
which.will determine their continued employment. 

The* authors say little on installation problems, and although 
. Section -8 is headed “Uses and Installation of Cables, it gives no 
information of unsuitable methods of installation. Who are the 
experts whose advice on design we are advised to seek, and if 
the information is available could it not have been included for 
the benefit of the Installations Section? 

Will the authors give a schedule of substances commonly met 
with in commerce which will attack p.v.c., and also those against 
which it is proof? Such a list even though incomplete would 
be a useful guide. The chief disadvantages of p.v.c; are-with 
regard to its thermal properties. So far the only official specifi¬ 
cations as to quality are the Government Department Electrical 
Specifications (G.D.E.S.). The authors have referred through¬ 
out the paper to G.D.E.S.18, and I would recommend anyone 
who contemplates using this material to study this specification, 
as the tests and standards to which this material is now being 
made form a good guide to the uses for which it is appropriate. 
.' G.D.E.S.16, referred to in the paper, is a secret document. 

While the governing feature in Service requirements is the 
ability to withstand very low temperatures, the standards in this 
respect an? much below industrial requirements, even in cold 
stores. Section 7 confirms that Service requirements have been 
the overriding consideration, and states that in the United 
States the electrical resistivity and the resistance to thermal 
'deformation of this product are higher than over here. 

The p.v.c.-insulated cables now offered in this country are 
unbraided, and the addition of braiding in order to minimize 
volatilization, of the plasticizer and improve resistance to thermal 
defosm'ation, as is done in the U.S.A., deserves reconsideration 
I understand that the maximum range between cold cracking 
and softening temperature is about 90° C. Will it 
to produce a compound with a cold crack of, say, iu 
a correspondingly higher softening point? It is the softening pomt 
whichgives most concern* There is always the danger of eon 
with hot water or steam pipes, radiators, etc.,, which may b 
inadvertent or has not been avoided in the layout. It, owing t 


anpjHpntal overloading, the cable becomes heated to, say, 120 or 
130° C the conductor may sink right through the insulation 
under its own weight or by tension on the conductor. Figs* 1 
and 7 give one some idea of these characteristics, additional 
curves in Fig. 1 showing the position after 12 and 36 hours and 

extended to 120 ° C would be interesting. _ ' . ' 

The effects of connecting the cables to the terminals of switch- 
gear have also to be considered in relation to the temperatures 
permitted in the relevant B.S. Specifications, namely 88—1939, 

361 _ 1939 and 159—1932. For fuse terminals carrying above 

150 amp a maximum temperature of 70° C, and for ^currents of 
less than 150 amp a maximum temperature of 60° C, is per¬ 
missible, based on ambient temperatures not exceeding 25 Cm 
both cases. For air-break switches carrying above 100 amp the 
temperature rise is 30° C with a peak ambient of 40° C, giving a 
corresponding total temperature of 70° C, which is the tempera¬ 
ture at which the cables are tested under G.D.E.S.18 For con¬ 
tactors, B.S. 775—1938, no temperature is specified for terminals, 
but generally speaking the temperature of the contacts is much 
higher than with ordinary switchgear. For switchgear busbars 
the maximum total temperature for currents below 2 000 amp is 
70° C based on an ambient temperature of 30° C. 

After long experience with rubber we have established a tew 
simple mechanical and electrical tests which, if applied by a, 
reputable cable manufacturer, would more or less ensure satis¬ 
factory cables. With p.v.c., even with the tests prescribed, the 
chemist can still change the composition and give us a cable in 
which the plasticizer may be liable to become leached out or 
evaporated as indicated in Sections 4.3.1 and 4 . 3 . 2 , and a cold- 
flexibility test seems to be essential for controlling this feature. 
The accelerated ageing tests as applicable to rubber cannot be 
applied to p.v.c. to give comparable results. . 

With regard to installation problems the authors do not state 
the current-carrying capacity. It is generally takm that the 
same rating may be used as for rubber, but it is not safe to assume 
this. The E.R.A. has made spme tests which might usefully be 

published with this discussion. ; , t 

The use of p.v.c. in place of lead as a sheath has been proposed. 
I believe this was the first use to which the material was put in 
Germany.. The effect of decomposition when cables are over¬ 
heated to destruction must also be considered, for I understand 
that hydrochloric add and chlorine are products of such decom- 




310 


BARRON, DEAN AND SCOTT: THERMOPLASTIC CABLES: DISCUSSION 


position. To what extent would the emission of chlorine be 
serious in the event of fire involving large quantities of p.v.c.? 

With reference to the thermoplastic conditions, care should be 
taken when installing these cables or handling under very cold 
conditions, e.g. in transit. The paper does not state that p.v.c. 
has a considerable temperature coefficient of resistance and some 
information on this point would be of value. When p.v.c. is 
clipped in position, the clips should not be spaced too far apart 
as this gives too great a Concentration on the clips and excessive 
sagging which might eventually cause deformation and break¬ 
down. 

Although I have concentrated on some weaknesses of p.v.c. 
and the precautions which prudence dictates, nevertheless for 
99% of ordinary building requirements p.v.c. is an admirable 
material and in my opinion it is in many respects as good as, if 
not superior to, rubber. 

Dr. P. Dunsheath: This important paper demonstrates the 
heavy debt which electrical engineering owes to the chemist, and 
the wide knowledge of chemistry now required by electrical 
engineers, particularly in the development of cable making. 
It constitutes a notable example of the combination of physics, 
chemistry and electrical engineering. 

An electrical engineer casually reading the paper might be de¬ 
ceived by Section 3 into ignoring the vast amount of work which 
lies behind the brief reference there to the polymerized structure 
of the substances now being employed by cable makers, although 
the electrical engineer himself has contributed very largely as, for 
example, through the electron microscope. As the result of 
this work we are now able to discuss not only the structure of 
these complex molecules, but also the extent to which the 
structure contributes to the electrical and physical properties of 
the finished cable. • 

It is noticeable that in one.or two places in the paper, the 
authors have issued a note of warning against prejudicing the 
progress of these plastic materials by ignoring difficulties which 
still exist. They have been very frank in putting before us a 
clear statement of the problems still to be solved; the paper con- 
teiiK so much information that a studious reader might almost 
draft a specification for making p.v.c. cables. I support the 
authors in their suggestion that the cause of progress would be 
ill-served by any over-simplification of the problems. Attempts to 
impose on the manufacturers, specifications which in any way 
re ^n. C -! thek devel °P ment activities would only stifle initiative. 

While much has been done already to standardize materials and 
to control processes, much progress will follow during the next 
few years. In the case of rubber cables, reasonable performance 
tests a^eed between user and maker, combined with the employ¬ 
ment of lughly-skilled personnel in the industry, gave us a very 
successful record of performance. There is no reason why, in 
spite of all the new problems involved, thermoplastic cable should 
not give us every bit as good a record. 

Dr. G. E. Haefely: The paper is a good example of close co¬ 
operation between the chemist, the plastics technologist, and 
possibly the user. My remarks will be limited to the vital 
question of raw materials. I have followed with more than 
■ sympathy tiie continued efforts to convince the country of the 
necessity of putting down more chemical plant and u tilizing to 
the utmost the raw materials abundant in this island. How can 
tius country otherwise hope to compete in the world market? 

As a Swiss I cannot resist the temptation to draw a parallel with 
my own country. Switzerland, with the great assets of beauty 
onte^Bp^^jaddngin such materials as coal 
or petrol from which the synthetics are derived. In order not 
, t^e.too dependent on other countries, Switzerland has had to 
exploit her water power to the utmost extent of her financial 
capabilities. Without this fpresight half a century ago she 


would not have survived the first world war and could not hoDe 
to continue to play her appropriate part in the future. P 
Mr. G. Smith: In some tests on installed p.v.c. cables, we found 
no trouble in a building wired ten months ago on the surface 
using tumbuckle clips. In another building wired six months 
ago on the surface, using insulating saddles secured by two pins 
on either side of the cable, there were two circuits with cable 
dielectrics of 0-65 and 1 mm radius respectively. A test after 
three months gave insulation values of 16 000 ohms for the thin 
and 12 megohms for the thicker, insulation. - Several saddles had 
pinched the cable, for when the pressure was removed the re¬ 
sistance rose to 15 megohms, later still to 16 megohms. Parts 
of the wiring had been covered with distemper between the two 
test periods. 

The next test was on a slab, 7 ft by 3 ft, covered with five 
different kinds of plaster in which p.v.c. cables were embedded 
Resistances were measured in August and November, 1943 and 
just before this meeting. The readings, all between poles ’were 
infinity on each occasion. This slab is inside a building, and the 

cables are maintained at 230 volts to earth. 

In another test a length of two-core “tape” pattern cable was 
1 m t for seven months in a room maintained at a temperature of 
70 F (21° C) and 77% relative humidity. The insulation re¬ 
sistance between cores was measured each month, and infinity 
readings were obtained at each test. A similar cable was 
immersed in water for one hour at 20° C, and, after five minutes’ 
electrification at 500 volts d.c., gave a resistance of 6 400 
megohms per thousand yards between cores. 

The authors refer to the experience yet to be gained in actual 
service. Would they indicate the kind of observation required 
so that different, experiences can be co-ordinated? 

A. variant of p.v.c. of low plasticizer content appears sufficiently' 
mec ^ an ' ca *- Protection. A minimum temperature 
°l 7 .VL c has been specified as suitable for the interior wiring 
of buildings in this country, but the views of the authors and 
users on a suitable temperature range for general installation 
work would be useful. 

. ^ S> W. Melsom: The paper provides a particularly full and 
clear exposition of the chemical side of the subject, although 
ttiere may be some disappointment that it contains only one 
paragraph, mostly of a negative nature, on , the question of in-. 
stallation. Careful study of the paper, however, will probably 
show that there is much information of value which, together 
Wi h farther direct information from cable makers’ representa-, 
tives, wil! prove of the utmost value to the Wiring Regulations 
and Codes of Practice Committees, at present engaged on various 
aspects of the installation regulations. 

The uses of p.v.c. are many, and I should like to mention one' 
in particular: miners’ cap-lamp flexibles. The life of rubber 
cables of this type is short, mainly owing to the chemical action' 
of perspiration. P.V.C. flexibles have been tried anS; although 
some slight shrinkage and cracking has occurred, the cables have 
outiasted two rubber cables of similar type and on simil&r duty. 

ihe authors 'have mentioned the important question of 
shrinkage. I am inclined to think these difficulties have been 
overrated and that they will largely disappear with improved 
manufacturing technique. It is, however, most desirable that 
further information on this subject should be published as soon 
as possible. 

In Section 8.2, the authors mention the possibility of shrinkage 
when the conductor is soldered. This again, I believe, need give 
no serious concern. Soldered joints are unusual in installations, 
particularly for the smaller conductors; with the larger conductors 
•ffiey are mainly at the ends where the bare conauctor ismassed 
hrough a bush and. where any shrinkage can be made good 
with lappings of insulating tape. 
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The section headed “P.V.C. versus Rubber” may be a chemical 
controversy, but is hardly one for installation engineers. There 
is far Too much tendency to consider p.v.c. in relation to rubber, 
whereas I thinV it should be considered on its own merits. In¬ 
stallation engineers already deal with materials as widely diverse 
in their characteristics as paper and rubber, and they know quite 
well how to arrange the conditions to suit the particular type of 
material. I have not the slightest doubt that they will consider 
p v c from the point of insulation-worthiness and install it under 
suitable conditions, rather than expect it to comply with every 
condition which rubber will meet. 

The resilience of rubber is a quality which, as far as I know, is 
not approached by any other material, and it would, I think, be 
unfair to expect p.v.c. to comply with any installation conditions 
based on the resilience of rubber. It is, of course, possible that 
ultimately p.v.c. will not prove a satisfactory substitute for 
rubber, but, on the other hand, it can only have a fair trial under 
installation conditions suiting its own inherent qualities. 

Apart from the question of final merit—and rubber may last 
something like 20 years—the post-war use of p.v.c., like that 
of many other things, may be a question of economics. It 
rubber is available at anything like its old price, with p.v.c. at 
a much higher price, undoubtedly most of the cable will be 
rubber-covered on this score alone. 

I am still of the opinion I expressed to the Transmission 
Section some two or three years ago, namely that after the war 
there will continue to be a use for p.v.c. for certain purposes, 
but that the full extent of its use will depend largely on the 

experience now gained. . 

Mr, P. S. Cattle: If we have been using and improving rubber 
as an insulator for more than forty years, we shall not settle 
down to p.v.c. in one year. We require of p.v.c. that it shall 
be an inert insulator electrically and mechanically as nearly 
perfect as possible; also it must be elastic, have a long life, and 
be able to withstand variations of temperature and atmosphere. 

Are plasticizers always inert, or do they evaporate during hfe 
or under varying temperature^? If loss takes place and the 
p.v.c. is under continued strain or vibration, is it liable to crack 
in five or ten years’ time? A somewhat similar effect occurs with 
vulcanized rubber under fluctuating conditions of temperature 
and light radiation. When using p.v.c. of a hard type the cost 
of erection has been considerably increased when working in a 

temperature of 40° F. ... *. «f 

When bending v.i.r. cable the central axis is the point of 
bending and the rubber tends to flow round the cable With 
hard-grade p.v.c., however, there is definitely no flow at a low 
temperature. There is also the risk of p.v.c. being under tension 

' W On Gripping p.v.c. insulated cable of roughly the same hard¬ 
ness as copper with an ordinary knife, the depth of .cut cannot 
be controlled. Examination of the cable with a magnifying glass 
shovff that if a cable is nicked by the kmfern «ay, diere ^ 
always the risk of a subsequent break in the conductor at 
point. The toughness of the p.v.c. insulation is such that a 
small amount of insulation laid between the strands calls for 
considerable strength to break the p.v.c. away from die_co_ 
ductor. In age tests, cables should be tested at over ^ ^ L 
cooling. The heating of a cable may cause some evaporationof 
plasticizer. I heated a pieceof cable and after ? tu ne found s 
spots on the surface. Was this due to theplashci^evaporatmg? 

Further, with standard p.v.c. cables we found that the present 
finish does not allow the cables to be drawn independently m and 
ok of the conduits. They cling to each other and akoto the 
internal surface of the conduit, especially round ^ small tend or 
sett. With present cables it is practically impossible to rewire a 
building or make alterations after a time. 


I recently tested p.v.c. spaced in) twin conductors, 2-3/-036, 
the current in this circuit being limited to 30 amp 230 volts 50 c/s. 

The conductor was fixed vertically to a piece of damp, charred 
softwood. An arc was struck, maintained, jumped across again 
and went out. The insulation did not catch fire, but the arc 
could have fired anything inflammable in close proximity. 

Mr. J. Veit: It was mentioned that polyisobutylene is most 
used with mixtures of rubber or other thermoplastics. In 
Germany, lead-covered cables insulated with polyisobutylene 
have been made, with a glass fibre braided over the isobutylene. 
These cables will withstand very severe conditions. Polyiso¬ 
butylene is one of the very few materials which will withstand a 

temperature range of — 70° to + 150° C. 

The importance of polythene must be emphasized, not only 
for high-frequency cables for which it is used, but also for any 
high-voltage cables. Marked developments and changes m the 
manufacture of high-voltage cables may be expected. 

The authors state that a certain loss of plasticizer can be pre¬ 
vented by placing a braiding over the insulation. Does this 
refer to any braiding impregnated with any material, or only to 
a textile reinforcement made in a certain way? Theoretical con¬ 
siderations indicate that if the braiding is impregnated with a 
p.v.c. cement, a thin film on top of the insulation is produced, 
which will prevent the evaporation of plasticizer. Does this also 

happen with one of the compounded braidings? 

Where p v.c.-covered wires have to be soldered, some specifica¬ 
tions demand a reinforced wire. A textile reinforcement can be 
made either by putting an impregnated braiding oyer the insula¬ 
tion or by using a cotton lapping or braiding as a separator 
between the conductor and the insulation. This may have a 
further advantage when the wires are exposed to high tem¬ 
peratures. The paper indicates that the resistance of p.v.c. drops 
with temperature; I think this loss can be regamed by the second 
dielectric afforded by the cotton wrapping, and products, re¬ 
inforced either inside or outside, can be considered for special 
applications as offering very great improvements in thermal 
resistanc e and mechanical strength. .. . - . 

Mr. H. J. Horn: The development of p.v.c. cables has received 
encouragement from those responsible for electrical installations 
in aircraft, because this form of sheathing assists materially in 
overcoming certain mechanical difficulties associated with cellu¬ 
lose. The resistance of p.v.c. to water, petrol-vapour and oil 

also makes its use desirable. 4 ' , 

The limited space available in aircraft, and the numerous 
situations necessitating sharp turns, call for a cable of extreme 
resilience, coupled with toughness. The sheath 
affected by extreme variations of temperature front 70 G to 
- 70° C and. Whilst sufficiently flexible, must also be capable 
of efficient service within that temperature range. We have for 
some time employed p.v.c. conduits in aircraft to carry the cables, 
in place of flexible metallic conduits. ,. . . 

In the first installations, the amount of plasticizer was adjusted 
to provide a rigidity similar to that of the metaJhc Sheath b^ 
replaced, and the results were not very successful. This ng'dfty 
was necessary to guard against damage to cables and .soldep 
joints when a sudden strain is placed on the conduits. Con- 
certina-ing” the conduit back on itself at low temperature for 
servicing work was found impracticable, and a softer grade of 
conduithad to be adopted and more closely-spaced metal clips 

to &e use of P-v.c. as a dielectric, in view of the extremely 
congested nature of an aircraft installation, each item of equip¬ 
ment has to be of the smallest practicable dimsnsions, while 
temperature and atmospheric conditions also have to betaken 
into account. At times all the electrical equipment is wet, hence 
aircraft cables must maintain a high insulation resistance. 
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Hitherto, we have regarded with disfavour the use of p.v.c. as a 
dielectric for cables, preferring to use a rubber dielectric. The 
necessary depreciation, however, of the rubber permitted for this 
purpose has progressively brought down insulation resistance 
figures to a point beyond which it is inadvisable to go. If a 
p.v.c. with a suitable insulation and physical characteristics is 
produced we shall welcome its introduction as a dielectric. 

Mr. C. King: As a rule the contractor does not find it prac¬ 
ticable to use more than *one grade of cable on any particular 
building job, and as the temperature range of the present C.M.A 
standardized product is only 0° to 135° F, the use of p.v.c. for 
most standard appliances appears questionable. At one end of 
the scale is the working temperature of the terminals of deep¬ 
freeze refrigerators, and at the other end those of tungsten lamp- 
holders, irons, kettles, toasters, water heaters, cookers, air 
heaters and so on. Most of these are outside the permissible 
temperature range, particularly having regard to the contact 
troubles which develop and the practice of eliminating flexibles 
by taking the cables direct to lampholders. The same applies 
to p.v.c. exposed without a metallic enclosure to the open sun. 
Allowing for the flow of current to cause a rise of only 30 deg. F, 
on sunny days the combined temperature may be about 150° F. 

On drawing cables through conduits they become twisted, 
causing stresses which appear undesirable with p.v.c. cables 
particularly if they are unbraided. The same applies to the 
weight of p.v.c. cables when hanging loosely in long conduit 
drops. 

Since deformation of p.v.c. under pressure is not instantaneous, 
f will this mean the continual tightening of cord grips to stop 
fittings falling down, and will such attention be eventually re¬ 
warded by short-circuits? In cleat wiring, clips and similar 
fixing methods, how will, the good craftsman react to the 
lposening of the cable fastenings brought about by this cold- 
flow disability? 

Owing to the effect of air flow on the evaporation of the 
plasticizer, should the ends of conduits be sealed, and should 
p.v.c. cables be used on draughty and warm appliances, such as 
unit heaters? V 

The dielectric resistance of p.v.c. seems to vary between 10 and 
100 megohms per 1 000 yd, whereas with pre-war v.i.r. the value 
was between 2 000 and 3 000 megohms. 

The authors infer that in well-built conduit systems unbraided 
p.v c. may be used, but how can one tell whether a conduit 
system is well built? If the authors are thinking that an extended 
immersion of p.v.c. in water may be unfavourable, such as loss 
of plasticizer and dielectric resistance, then since dips into which 
water will settle can hardly be avoided even on horizontal runs 
another reason must be added to those deprecating the use of 
unscrewed joints in concrete or cement screedings, since of the 
present devices in use the well-painted screwed socket joint rein- 
a topk-nut is the only one which will keep the water out. 
The conosion question is one of economics, and v.i.r. cables 
may contone to score in most cases because of their cheapness, 
mpresentcost ofp vx, is between 19 and 45% higher than that 
of v.ix Elasticity has a definite economic bearing. Size for 
si^unbraided p.v,c. cable is smaller than v.i.r., but owing to its 
sfitoessn greater number cannot be drawn through conduits. 

/The trouble with v.ix is that it is a chemically unsaturated 

“ eed T ? a H ia “ ce with other things to render it more 
resistant to heat, chemicals and radiation. For corrosive sitta- 
a ® ynth ®^ c coatofe such as p.v.c. over v.i.r., forms an 
excellrat combination, particularly as this utilizes the superior 
qieleetric and elastic properties of v.i.r. 

° f ^ Id ' flov T Usability of p.v.c., I think the more 
proS^ fuTiS ’ aS Ne °P rene > h ^e a much more 


Mr. F. C. Raphael: I take a different stand from my fellow 
installation engineers, on this question of using thermoplastic 
cables. We have to anticipate a period during which insufficient 
rubber will be available to wire with v.i.r. sables all the buildines 
that will be required, and I should be perfectly ready to accept 
thermoplastic cables and to make a good job with them. I am 
very glad to have the information contained in the paper, and 
my main criticism is that it is set out in such a way as to ®ive 
the impression that these cables are only in an early experimental 
stage. That is not the case. The cable now offered, so far as 
one can gather, has distinctly fewer disadvantages than v.i.r. 
cable, most of which were only gradually realized after its 
original introduction, such as its secular change, its only partial 
waterproofness and its susceptibility to rust effects, etc. Cold 
flow has also been a source of trouble with the rubber cable 
Under a constant pressure the rubber will flow away and 
eventually leave a bare conductor. 

These troubles have led to progressive improvements, and the 
same will happen with thermoplastic cables, except that the 
difficulties will not be of the same magnitude as with rubber. 
For instance, if we extend the low-temperature flexibility unduly 
we must sacrifice other qualities. For building work this very 
low-temperature flexibility is not needed, and if the other qualities 
can be increased by dispensing with it, it simply means that we 
must not be satisfied to make all our cables in accordance with 
G.D.E.S.18. This specification can apply where we know that 
extremely low temperatures will have to be experienced, but a 
different specification, with better qualities, which are lost by 
excessive incorporation of the plasticizer, will be needed to 

conform merely with the ordinary temperature requirement. 

The authors’ figures for resistivity do not appear so low that 
The Institution’s Wiring Regulations Committee or the Codes of 1 
Practice Committee need have worried to decide that a quarter 
of the insulation resistance formerly laid down in the Regulations 
for the whole installation has to be accepted. A cable of say 
10 megohms per 1 000 yd will not affect the insulation of the 
complete job. 

Mr. D. B. McKenzie: I am glad to learn that the authors do 
not think of these synthetic materials only as substitutes for 
rubber, but have considered them as offering special properties 
of their own which are not possessed by natural rubber. 

much research work has already been carried out in 
this field, and in the case of p.v.c. many hundreds of plasticizers 
have been tried, there still appears to be a very large field open 
tor fundamental research work to improve the electrical pro¬ 
perties of p.v.c. and still retain their good physical properties. 
The authors give a very conservative maximum working tem¬ 
perature of 55-60° C. Do they, therefore, consider p.v.cT to be ' 
unsuitable for tropical use—although in Section 8 they state that 
m America ships’ cables are rated at 90-100° C? 

Reference is made to G.D.E.S.18, in which the test require¬ 
ments for p.v.c. compounds are given., This specification is, 
however, a material specification, and does not cater for tests 
on a finished cable. Do the authors, therefore, consider that in 
the processing of p.v.c. during the manufacture of a cable there 
is no change in the properties of the material? R seems to me 
that it is very necessary in preparing specifications for p.v.c. 
cables to refer to GJD.E.S.18, but, in addition, to include per¬ 
formance tests on foe finished cables. » ' 

*v,^ l +t eCt ^ n ^ authors,make a very interesting statement 

tnat the abrasion resistance is of a somewhat higher order than 
*"■. ^ough this may be so, the tear resistance is 

Jowe^ mid this factor should be borne in mind when uamg'p.?.c; 
sheathed cables. • 

;>i^f^dmg this paper, I gained the impression that little or no 
cufricriilties 'were encountered during the early development stages. 
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This is, of course, not the case, and some insight into the troubles 
experienced during this period Would be of interest. 

Mr. W. A. McNeill: As a representative of a switchgear firm 
which Tias used p.v.c. <jable for small wiring for nearly two years, 

I should be interested to know how grade 1002 would behave 
under adverse conditions. What is the effect on flexibility when 
the cable is subjected to rapid alternations from tropical to arctic 
conditions, such as may be encountered in aircraft or on board 
ship? 

In ageing tests, the authors do not mention any contraction 
which may expose the conductor. Tests have shown that such 
troubles might be met with sleeving, but are unlikely with 
p.v.c.-insulated wire where there is a greater tendency to re¬ 
duction in diameter than to contraction. Dimensional changes 
may be partly due to the release of initial strains set up in manu¬ 
facture. 

My own experience has not altogether borne out the claim 
that the effect of colour pigments is negligible. The contraction 
with blue was about 50% of that obtained with red and 
yellow. 

The claims made by the authors regarding concentricity are 
not altogether confirmed by experience, and it has been necessary 
to check carefully incoming materials for eccentricity. 

Would the authors give their opinion on the use of p.v.c. in 
conduits attached to outdoor switchgear where the surface of 
the conduit is directly exposed to the sun? 

Mr.' E. E. Hutchings: The maximum safe working temperature 
of 57° C for uhbraided p.v.c. cables allows a margin of 12° C 
over the ambient limit above which these cables may not be in¬ 
stalled in "ships. This corresponds closely to the permissible 
rise, assumed the same as for rubber cables. The margin of 
• safety is small, and braiding would appear to be a very desirable 
precaution in all ships’ cables in view of the continual movement 
they experience. . . 

Data on the thermal resistivity of p.v.c. are not given m the 
paper; elsewhere the value of 2000thermal ohms/cm cube has been 
quoted. E.R.A. tests on two samples of p.v.c. cable from the 
same maker, indicated thermal resistivities of 1 250 and 1 520 for 
0 06 and 0*01 in 2 conductors. Thus for the same dimensions 
and temperature rise, ratings would be lower than for rubber- 
insulated cables; we found a 10% reduction in one, installation 
investigated. 

In view of the critical effect of the pigment in p.v.c. on its 
electrical properties, it would be interesting to hear whether 
painting the cables, which is common practice on ships, is likely 
to affect them seiiously, and whether any special precautions 
should be taken regarding the nature of the paint used. 
r Abraston resistance has been studied by the E.R.A. and satis¬ 
factory tests have been standardized. The method is fully 
described in E.R.A. reports. 

Mr. S. F. Follett: The authors have quite rightly refused to 
comment on the economic aspect of the plastic compounds, but 
they do* not appear to have mentioned one economic advantage 
of the plastic cable, namely its relative simplicity of construction 
in certain cases. They mention the application of p.v.c. by 
longitudinal methods, and suggest that the need for braiding 
and heat treatment is a disadvantage of the material. Are these 
not disadvantages of the method and not the material? The 
normal method of application is by direct extrusion, and the 
longitudinal method should be considered only as an emergency 
method, although it is useful tinder the present conditions.; . 

The soipewhat unusual figure of 57° C has been mentioned as 
die limiting temperature. Has this figure-been determined by 
consideration ofiplasticizer loss or thermal deformation. If the 
former criterion is the limiting factor, then for relatively short¬ 
life applications could not a higher temperature be permitted. 


Presumably, the temperature referred to is the ambient tempera¬ 
ture and does not include any allowances .for increased tem¬ 
perature due to current loading. . 

Caution should be exercised in hardening the cable, since this 
will reduce the present excellent flexibility of the p.v.c. sheath. 

A fair amount of cold flexibility is also required for installation 
even under normal conditions. For flexible cables, the depre¬ 
ciation of flexibility with ageing, with consequent loss of plasti¬ 
cizer, should also be considered. Loss''of plasticizer with heat or 
ageing, as well as relief of stress on heating, will cause shrinkage;. 1 
this should be considered in the installation of p.v.c. cable. 

Generally, the paper emphasizes the difficulties caused by using, 
plasticizers in p.v.c. compounds. While further work on 
plasticizers is obviously desirable, some part of the energy devoted 
to the exploration of new plasticizers should be expended on. 
examining inherently flexible materials, such as polythene and 
polyisobutylene. 

Mr. J. G. Jessel: For p.v.c. cables used in normal building,, 
the question of flexibility is not so important as other aspects, 
such as high insulation resistance and good mechanical pro¬ 
tection, and it is only for drawing cables into conduit that the 
question of extreme flexibility becomes so important. By using, 
less plasticizer we get a cable with improved electrical and 
mechanical properties at the expense of flexibility. A cable 
with these properties could then be used without conduit and 
would make a very good wiring system for small domestic 
dwellings, especially where a ring main for sockets is contem¬ 
plated, thus eliminating many of the difficulties attendant upon 
wiring a ring main in conduit. 

Mr. D. C. Bacon (« communicated ): The embargo on the use ot 
p.v.c. cable for general lighting and power .purposes-was. not 
lifted until April, 1943, and, owing to the stocks of v.i.r. cables, 
held by factories, there has, up to the present, been little oppor¬ 
tunity for factory electrical engineers to compare the performance* 

of p.v.c.-insulated cables with that of v.i.r. 

In the factories with which I am concerned, it is necessary to- 
take special precautions to avoid, as far as practicable, the 
occurrence of electrical breakdown which could give rise to undue 
heating or exposed sparking. All cables inside the buildings are; 
carried in screwed conduit and, for the lighting installation,, 
dust-tight dispersive reflectors are screwed to conduit drops. 

In view of the inflammability of war-emergency va.r. babies, I 
had hoped to use p.v.c. cable for future lighting installation work 
and was given to understand that unbraided p.v.c. cable would 
1 prove satisfactory at temperatures up to 70° C. The authors, 
however, state that the maximum safe working temperature ot 
unbraided p.v.c, cable ist57^ C, :aid ibis up]^ 
is considerably exceeded in the conduit drop adjacent to the dust- 
tight lighting fittings, to which I have referred. The temperature 
in this drop, taken on the end of the cable insulation at the pack, 
of the lampholder is 60°C for a 100-watt lamp and 65-5 G, 
for a 150-watt lamp with an ambient air temperature .of 19 C. 
At certain times, the temperature of the cable ends will rise to- 
70° C and, although these ends are not subject to any deforming, 
pressure, it would appear that there would be shrinkage and 
longitudinal splitting of the p.v.c. which would introduce the 

risk of electrical breakdown. . * 

It is well known that at such temperatures v.ur. ages very 
rapidly, but so long as the brittle v.i.r. on the last 3 xn or so of 
cable is not disturbed I think it constitutes a smaller nsk than 

shrunken and split p.v.c. ... , . . , 

It would be helpful if the authors would give their opirnon as, 
to the amount of shrinkage and splitting of unbraided red and. 
* black p.v.c. which occurs when the temperature is man*- 
tained between 65 s C and'70° C for 24 hours a day continuously;, 
whether this shrinkage is progressive; and whether, under these; 
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temperature conditions, it would be quite safe to install braided 
p.v.c. cables. 

Mr. F. Meyer (<communicated ): The authors have done the 
industry a service in that the user should now appreciate the 
difficulties of the manufacturer, and the engineer become more 
tolerant towards the seeming inconsistencies in thermoplastic 
cable insulation. 

It is a pity that the standardization of p.v.c. compounds was 
left so long after their general acceptance as a cable insulation, 
.because those engineers who have been trying to standardize 
certain grades which seem to suit their particular usage are thrown 
back to a position not much in advance of the introduction of 
p.v.c. cable, i.e. they have to start all over again trying to fit 
grades to usage. 

It is interesting to note that the authors consider that as p.v.c 
as one of the easiest materials to extrude, very fine results can be 
obtained m respect of concentricity, thin walls, etc. As a user 
I have found that quite a number of samples I have examined do 
not bear out this contention. 

In using p.v.c.-insulated cable, as leads on coils, armatures, 
etc I have found that where these leads have been covered 
with varnish during dipping or impregnation processes they have 
withstood elevated temperatures without becoming brittle, much 
better than leads which have been kept free of varnish. The 
authors confirm my view that this was due to preventing the 
evaporation of plasticizers. 

Li spite of the excellent abrasion resistance of p.v.c.-insulated 
cables quoted, it has been my experience that where such cables 
have to be taken round sharp corners by bending and through 
conduit, trouble is experienced unless the cable is braided 
It is unfortunate that the C.M.A. did not realize the poten- 
tialities of p.v.c. as a cable insulation before they were compelled 
to recognize it as a substitute for rubber. In spite of what has 
seemed on their part almost an objection to the development of 
thermoplastics for cable insulation, there appears to be no doubt 
that such cables will enjoy extensive post-war use. 

Dr. J. L. Miller {communicated): I welcome the paper, not 
only for the detailed infonnation it provides, but also because it 
gives a well-balanced picture of thermoplastic materials and 
their place in the general sphere of cable insulation. Many 
users have perhaps hitherto failed to appreciate that p.v.c. is a 
material with properties capable of variation over a wide r ange 
according to its make-up. I feel, therefore, that the authors 
have been wise in stressing this point and in drawing attention 
to the restrictions placed on the choice of compounds for general 
civilian needs by the present supply position. 

I must, however, criticize one point. The authors in making 
very brief reference to nylon, dismiss it, rather summarily I 
think, solely as a protective material. 59 This, of course, is not 

With .u the u faCtS because ’ “ ename l magnet wires, 
nylon does form the basis of a film covering which can surely 
claim descriptions as an insulant. From the data quoted in the 
paper, the electrical properties of nylon itself compare very 
favourably with those of, say, the No. 1002 p.v.c. compound. 


Electric strength is but a little lower. Resistivity is of the 
same order, and both permittivity and power factor are much 
lower. This clearly brings it within the class of insulating 
materials in its appropriate sphere. ' 

For wire enamel the electrical properties of nylon are still 
further enhanced by modification with thermosetting resins. For 
instance, dielectric strength of the order of 1 500-1 700 V/mil is 
attained in production. In fact, the outstanding properties of 
toughness, flexibility and abrasion resistance of the material 
should not be allowed to overshadow its electrical properties 
Incidentally, the combination of thermoplastic and thermo¬ 
setting materials is of interest in that composite properties are 
obtained. As an example, plastic deformation under heat and 
pressure is much reduced. Like many other wire-covering 
materials, however, the nylon-based enamels are hygroscopic, 
and impregnation after winding is therefore us ual 

In regard to the future trend of wire design, it must be re¬ 
membered that in the paper the authors are dealing with the very 
restricted choice of nylon now available in this country. The 
name nylon covers a variety of condensation products of certain 
diamines and dicarboxylic acids, and when free choice is available 
we may secure even more interesting polymers. Nylon, therefore, 
is already valuable as a wire insulant. The future may see still 
further improvements, and I wish that the authors had either 
omitted all reference to nylon or had treated it more fully. As 
it is, I feel they have quite unintentionally “damned it with faint 
praise.” 

Dr. A. Rosen {communicated): The opening sentences of the 
paper somewhat understate the position regarding the past use 
of thermoplastics in cables; not only is their use “not View,” but 
it formed a very foundation stone on which the whole - ’cable 
industry was subsequently built: Nearly a century ago Werner , 
Siemens introduced his process for covering wires with gutta¬ 
percha and thus made the first practical underground cables. 
The paper does not deal at all with gutta-percha and other 
natural thermoplastic materials, and perhaps a more restrictive 
title such as “Synthetic Thermoplastic Cables 55 could have been 
chosen. 

The curves in Fig. 8 showing the variation of power factor of < 
p.v.c. with temperature are interesting. Considering for example 
compound No. 1002, the first part of the curve, 0-35° €, shows 
the peak which is characteristic of highly polar materials, and 
over this range a.c. hysteresis loss is the predominant factor. 
Be y°* d 35 C, the true conductivity becomes more important, 
and the Curve rises steeply owing to the rapid increase of con¬ 
ductivity with temperature. The figure also shows that the 
critical temperature at which the true conductivity takes charge 
shifts with frequency, for with a given value of conductivity the 
power factor (C/coC) is inversely proportional to the frequency. 
i 2 the P ei ™fttivity of nylon is stated to be higher at 

1 000 c/s than at 50 c/s. Other dielectric materials have a con¬ 
stant or falling permittivity/frequency characteristic* and further 
information on the anomalous behaviour of nylon would be 
welcome.* 


the Tins above discussion 


w Dr * H. Barron, Mr. J. N. Dean and Mr! T. R. Scott (in reply): 

2b, P rV° Ut t0 m Watson ’ ^ to other con- 
tobutmrt^the discussion, that installation technique must be 

olved by the user, albeit qn the basis of information supplied 
if, < ? bI ® ma h er °n the characteristics and limitations of the 
<cable. Section 8 was written on this basis. The Cable Makers’ 
<War Emergency) Technical Committee is prepared to assist 
8 m connection with specific installation questions. °:“ 
Regarding chemical action, we would refer Mr. Watson to 


Chapman’s paper (No. 13 in Section 12). Although G.D.E.S.16 
is secret, it is general knowledge that its amendments govern 
standardized war-emergency grades of rubber compound: 

Mr. Watson and others Apparently think that only unb r aided 
p.v.c. rabies are offered at present. This is not the case. The 
upbraided variety, however, appears to offer consideratfle.adyan- 
tages for many installations, provided it can be^shown that the 
omission of braiding does not cause undue shortness of life, 
soldering difficulties, pulling-in troubles, etc; We believe that in 
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the near future, with co-operation between cable maker and user, to diagnose the cause of the spots. In his experiment with arcing, 
these points will be satisfactorily cleared. it should be noted that the arc did not set fire to the cable. 

There is obviously a case for a standardized compound of cold We note Mr. Veit’s remarks about lead-covered cables insu- 
crack —15 to —10° C, and improved characteristics at the lated with polyisobutylene. We still feel, however, that the 
maximum operating temperature. Such a compound will be material has many limitations. To prevent or impede the vola- 
introduced as soon as circumstances permit. It is too much, tilization of plasticizer the braid must be compounded or lac- 
hoWever, to expect p.v.c. to meet temperatures of 120-130° C; quered. We cannot quite follow Mr. Veit’s film theory, but 
thermal deformation is not the only deterrent. In switchgear would anticipate that a lacquered braid would produce similar 
terminals at 70° C, it is considered that the ageing and deforma- results. It is preferable, however, to have compounds which age 
tion of the few inches of cable adjacent to the terminal will not slowly when used unbraided. We believe that braidings are un¬ 
cause trouble provided the cable is satisfactorily designed and necessary, even for soldering. A composite dielectric obviously 
manufactured. exhibits characteristics based on both components, but it is 

The selection of the best control test for the determination of questionable whether cotton adds much to the basic overall 


ageing characteristics is a complex matter, but great progress is 
being made in testing technique and improvements in the present 
method are in sight. 

The evolution of chlorine when p.v.c. is severely overheated is, 
of course, the basis of the fire-resisting property of the material. 

If the fire is serious enough to decompose the bulk of the p.v.c. 
it is probable that the corrosion, etc., arising therefrom will be 
merely a minor aggravation of the damage caused. 

Fig. 1 gives the temperature coefficient of p.v.c. It does not 
appear worth while to extend this diagram to 120° C for the 
reasons given above. 

We agree entirely with the points made by Dr. Dunsheath and 
by Dr. Haefely. 

Mr. Smith has made a valuable contribution regarding the 
installation aspect. Records of this nature are helpful in check¬ 
ing performance and in drawing attention to details which require 
attention, e.g. the effect of saddles. Reduction of plasticizer and 
increase of hardness are desirable for many purposes, but the 
^overall design of compound must be carefully studied. 

We agree with Mr. Melsom on practically all points. Soldering 
is, however, important in certain cases where p.v.c. wires are used. 
Shrinkage cam be neutralized, and further remarks on this are 
given below. 

Mr. Cattle will, we fear, be disappointed, since the production 
of an elastic and electrically-perfect p.v.c. compound does not 
appear to be practicable. We suggest, however, that sufficient 
elasticity and a sufficiently high electrical performance for a great 
variety of uses will be forthcoming. 

The majority of plasticizers are volatile, and some hardening 
and transverse shrinkage are bound to occur within the service 
life. We could expect the useful life, however, to be considerably 
in excess of five to ten years if the best plasticizers are employed 
in the correct proportions. We do not agree with reducing 
plasticizer content and increasing hardness so that flexibility at 
40° F is impaired. Mr. Smith specified a minimum temperature 
* of — "15° C for interior wiring; we consider this temperature to 
be a good basis for the formulation of a compound for this type 
of work. * in the limit, with negligible plasticizer content, p.v.c. 
v may behave during the bending of a cable in a manner similar 
to that.indicated. A compound which meets G.D.E.S.18 will, 
however, behave differently right down to its specified cold-crack 
temperature. 

Special methods of stripping have been investigated. It is 
impossible to give an adequate description here, but details can. 
be obtained by the procedure indicated to Mr. Watson above. 
Therg may be difficulties in pulling-in unbraided p.v.c. cables, 
particularly if lubrication is not applied. Braided cables, of 
course, give results similar to those exhibited by rubber 
cables. 

Ageing* tests are carried out under G.D.E.S.18 at 82*5 C, 
which is in effect an “overload.” As mentioned above, the cold- 
crack characteristic may or may not be the best control test. 
] Mr. Cattle giyes insufficient data of his heating test to enable us 


dielectric characteristics of a p.v.c. cable. For most purposes, 
in the presence of moisture we should prefer a normal p.v.c. 
cable to a textile insulated conductor sheathed with p.v.c. 

Mr. Horn emphasizes two important points, namely the neces¬ 
sity of keeping the flexibility of a p.v.c. compound up to a certain 
standard (with resultant limitations on the hardness) and the 
importance of distributing load as uniformly as possible, e.g. by 
closely spaced clips. We believe it should be possible, when cir¬ 
cumstances permit, to raise the insulation resistance of p.v.c. 
cables to a standard high enough for the aircraft wiring referred 
to, even under humid conditions. 

Since p.v.c. cables are rated at temperatures equivalent to 
those at which ordinary rubber cables are rated, we must infer 
that Mr. King is registering a plea for a type of cable which has 
hitherto not been marketed—one which will meet all conditions 
likely to be encountered in a domestic installation. The use of 
a high-duty cable throughout an installation appears to be some¬ 
what uneconomic. Technically such a cable is, however, just as 
likely to be designed on a plastic basis as on a rubber basis, 
judging from current knowledge. 

Mr. King misquotes our statement regarding conduits in 
which unbraided p.v.c. cables may be used. Our specification is 
“modem and well constructed.’* We are not perturbed by the 
yvater aspect; loss of plasticizer and of insulation resistance will 
be negligible. The main point is that if dimensions and cost are , 
to be reduced by omitting braiding, some care must be taken to 
give the unprotected p.v.c. a reasonable passage during pulling-in 
operations. The more plastic-minded the user becomes in this 
respect, the lower the standard of “well constructed” may be set. 

Mr. King is obviously unduly worried about cold flow, evapo¬ 
ration of plasticizer and low insulation resistance. There should 
be sufficient elasticity in a standard p.v.c. compound working 
within its prescribed temperature range to prevent any of the 
troubles mentioned. Since many Service p.v.c. cables (un¬ 
braided) are giving satisfaction in open positions where they 
are exposed to wind and sun, the loss of plasticizer from a 
draughty conduit line cannot be too serious if a reasonable 
plasticizer is employed in the compound. A good rubber cable 
should have a high insulation resistance; this is intrinsic in the 
quality. It is certain, however, that such insulation values are 
unnecessary, and that p.v.c. can give satisfactory service. Neo¬ 
prene is undoubtedly a first-class material fpr certain types of 
cable. The cost must, however, be taken into account. 

We would point out to Mr. Raphael that the paper does not 
infer that p.v.c. cables are experimental, but it does.ipfer, and 
correctly so, , that the technique of using plastic cables is in the 
development stage. We agree that G.D.E.S.18 or an equivalent 
specification must be expanded eventually to cover compounds 
designed for use on cables for building work. 

The American cables for 90-100° C, referred to by. Mr. 
McKenzie, are of special construction and are limited in appli¬ 
cation. The term “tropical use” is an unfortunate one, for much 
de^nds on local conditions and the working conditions. 



316 


BARRON, DEAN AND SCOTT: THERMOPLASTIC CABLES: DISCUSSION 


We can foresee the use of many types of p.v.c. cables in the 
tropics, as well as cases in which they would be unsuitable. 

It is known that the insulation resistance of p.v.c. can be raised 
by, say, 10 3 above the British maximum standard when circum¬ 
stances permit. Otherwise we cannot see much hope of im¬ 
provement electrically. 

It is agreed that the final tests should be on the cable itself. It 
is, however, impossible to make a good cable with a bad com¬ 
pound, so that G.D.E.&18 is a necessary step in procedure. 
Cable processing, as already mentioned, can produce defects even 
if a good compound is applied. 

A full account of tear resistance of p.v.c. sheaths has not yet 
been published. It may be that p.v.c. has been somewhat mis¬ 
judged in this respect. 

We agree that the early development difficulties were consider¬ 
able and that war-emergency conditions aggravated these. This 
may prove to have been a blessing in disguise, in that all technical 
points have been investigated more rigorously than might have 
been the case. 

In reply to Mr. McNeill, we feel that 1002 compound will 
behave well under adverse conditions, provided that the condi¬ 
tions are suitable for p.v.c. His rapid alternations require 
definition, but for aircraft and ships we anticipate no pronounced 
effect on flexibility. We agree with his remarks on contraction, 
but feel that his experience with blue compound must be due to 
factors other than the pigment used. The use of p.v.c. cables in 
outdoor conduits exposed to the sun is purely a question of 
keeping within the specified temperatures. 

Mr. Hutchings introduces the question of thermal resistivity. 
There appears to be some dispute about the actual value or range 
of values. Deductions from cable tests bring in other factors; 
this question of the rating of p.v.c. cables requires urgent atten- 
tion. We tentatively suggest that the maximum conductor tem¬ 
perature of p.v.c. cables may have to be recalculated and revised 
upwards if Mr. Hutchings’s values are approximately correct. We 
do not imagine that painting of p.v.c. cables will affect their 
volume resistivity in the same way as uniformly distributed 
pigment. Abrasion tests on plastics differ from /normal 
abrasion tests because of the effect of heat generation on the 
plastic. 

We suggest to Mr. Follett that it is necessary to consider every 
type of construction and every method of manufacture. The 
discussion shows clearly that the braided type may have a con¬ 
siderable field of use, despite the relative cheapness and simplicity 
of the unbraided type. The calculations leading to 57° C maxi¬ 
mum working temperature forcabtesconformingwithB.S.7and the 
LE.E. Wiring Regulations, are somewhat complicated. All the 
factors have been taken into account. The value is not ambient, 
but includes allowances for current loading. It corresponds to 
the American 60° C rating. For shorter life, temperatures up to 
70° C are permissible, but it is desirable that the working condi¬ 
tions of each type of cable rated at 70° C should be carefully 
examined, and the construction of cable and type of compound 


incorporated in the design carefully considered. Further re¬ 
marks on this point are given below in the reply to Mr. Bacon. 

Work on polythene, polyisobutylene, etc., continues, but under 
war-emergency conditions technical effort has to follow the supply 
situation and the allocation of that supply to various cable usages.. 

Mr. Jessel’s points have been dealt with in the replies to other 
speakers. 

Mr. Bacon raises a point which has been largely dealt with 
above, but which can with advantage be further considered. 
Loss of plasticizer does cause shrinkage, but this is transverse 
shrinkage and should not cause trouble if confined to a few 
inches adjacent to the lampholder, particularly if there is no 
deforming pressure in this region. Longitudinal splitting of the 
insulation is due to manufacturing technique, and can and will 
be eliminated. War-emergency conditions have rendered this 
elimination a somewhat slow process. For this reason the cable 
industry has proceeded cautiously with regard to high-power- 
lamp connections, particularly since the temperatures attained 
are not always so clearly defined as in Mr. Bacon’s case. It is 
now certain that p.v.c. is at least not inferior to normal rubber. 
As noted above, a p.v.c. cable exposed to 70° C continuously 
should shrink transversely at a comparatively low rate. There 
should be no longitudinal shrinkage and splitting. Braiding is a 
form of insurance against undue deterioration, particularly if 
deforming pressure is present. 

We suggest to Mr. Meyer that the evolution of standardized 
grades of p.v.c. compound must of necessity be a gradual process; 
this evolution is by no means complete. Every precaution has* 
however, been taken to avoid sudden breaks in the continuity of 
evolution so that users are not unduly incommoded. It is always 
possible to produce non-concentric insulation by extrusion; what¬ 
ever the material; p.v.c. can undoubtedly be used in thin walls* 
much more easily than the majority of extrudable materials. 

The discussion shows that there are diverse views among users 
with regard to the advantages of p.v.c. cables, and that only now, 
after considerable technical effort, justified by the war emergency, 
has the position been sufficiently stabilized to permit the pro¬ 
tagonists to reply adequately to criticisms. We thank Dr. Miller 
for his contribution on nylon which we agree adds to the value 
of the paper. We did not intend to “damn with faint praise,” 
but had to strike a middle course between omitting reference 
or exceeding our space allocation. The enamelled-wire field 
appeared to be worthy of separate treatment. Nylon has been 
proposed, however, as a protective covering for thermoplastics 
used as cable insulants. We admit Dr. Rosen’s claim for the 
pioneer status of ^ gutta-percha. In cases in which dielectric 
materials are associated with plasticizers or solvents in the course 
of manufacture, anomalous results occur. Also, as Dr. Miller 
points out, there are a variety of products covered by the name 
“nylon.” 

It is obvious that a paper of this nature could be expanded 
usefully to deal with many aspects of thermoplastic insulation, 
but we have not been able to touch on these. 
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SUMMARY 

An analysis of the nature of the air-borne particles which constitute 
the main source of contamination on outdoor porcelain insulators, and 
of the forces acting upon them in the electrostatic field around an 
insulator, suggests that these forces are inadequate to account com¬ 
pletely for the observed distribution and the quantity of the deposits 
on insulator surfaces. Direct measurements of the field strengths close 
to the insulator confirm that the voltage gradients do not reach very 
high values under normal conditions, and that the electrical forces are 
proportionately weak. Investigations of the air flow over the insu¬ 
lators, and comparisons of the formations of air eddies observed in 
the flow over the geometrical forms associated with the complex shapes 
of insulators, show that the aerodynamic conditions have a considerable 
bearing upon the patterns formed by the deposits on the insulators. 
Wind-tunnel experiments provide results which illustrate the influence 
of the Reynolds’ number, the applied voltage, the surface roughness, 
the wind velocity and the humidity, upon the distribution and amount 
of deposited matter. Moisture films constitute a special case of 
temporary contamination with sparking following the receding edges 
of the drying films. Finally, a method is suggested of estimating, the 
flashover values of insulators from a consideration of the distribution 
of surface resistance as modified by the presence of deposited matter. 


(1) INTRODUCTION 

The distinctive patterns formed by the dirt deposits on trans¬ 
mission-line insulators which have been in service in polluted 
atmosphere suggest that the process of contamination is governed 
by definite physical laws. If this is so, then the nature of such 
laws should be evident from the behaviour of the air-borne con¬ 
taminating particles as they come within the field of the insulator, 
and also from their, reaction to the physical conditions at the 
surface of the insulator. It was decided to study the contamina¬ 
tion of insulators from a somewhat academic viewpoint, and 
some formal experiments were conducted in the laboratory to 
determine the contribution of the various factors in the process 
of dirt deposition. The limitations Of some of these tests are 
frankly admitted and the results are offered more from the 
scientific aspect rather than as criteria of those insulator designs 
which were of necessity subjected to accelerated pollution tests. 

(2) THE NATURE OF THE PARTICLES AND THE FORCES 
* ACTING UPON THEM 

Impurities suspended in the atmosphere can be classified in 
two groups, {a) permanent and (b) temporary suspensions. The 
first group comprises the insoluble and non-condensable inorganic 
matter of ultra-microscopic size, which is maintained in suspension 
by the kinetic forces of the moving gas molecules and can be 
precipitated only by electrical means. The temporary suspensions 
include (a) the heavy inorganic particles which ultimately deposit 
by gjayitation, (6) the organic material which either deposits or 
decomposes*, and (c) water-vapour particles which either condense 
or disperse according to the temperature and wind conditions. 

From, data published annually by the Department of Scientific 
and Industrial Research and independent investigators 1 it is evi¬ 
dent,that tile* sizes of the particles suspended in theatmo- 

* Transmission Section paper. 
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sphere vary considerably. Some data relating to the typical 
groups are given in Table 1. 

Table 1 


Nature of suspended matter 

Diameter, microns 

f Smokes 
Inorganic^ Fumes 
[Dust 
[Bacteria 

Organic^ Plant spores.. 

* (Pollens 
f Fog .. 

Water { Drizzle* ;; 

l^Rain.. 

0*001- 0*3 

0*01 - 1*0 
1*0 - 100*0 
1*0 - 10*0 
10*0 - 20*0 
15*0 - 50*0 

1*0 - 50*0 

50*0 - 100*0 
100*0 - 400*0 
400*0 - 4 000*0 


There is also a wide variation in the number of particles 
present in the air: these amount to some 200/cm 3 in fine weather 
and as many as 53 000/cm 3 in dense fog. In the latter case 
particles with diameters ranging from 1*5 microns downwards 
have been observed. It may be of interest to note that the size 
of particle^ used in the experiments described in this paper ranges 
from about 1 mm diameter for the turpentine smokes down to 
0 *3 micron for the fine tobacco smoke used to indicate air flow. 

The forces acting upon the air-borne particles are of several 
kinds, kinetic, gravitational, electrical and aerodynamic. The 
kinetic forces resulting from the molecular collisions with the 
smallest particles have already been mentioned; they are respon¬ 
sible for the Brownian movement and the maintained suspension 
of the permanent impurities. The gravitational forces determine 
the rate of settling of the larger particles and the formation of 
deposits on the upper surfaces of insulators. For dust particles 
the mean rate of settling in still air is about 6 to 12 inches per 
hour, and unless the electrical forces are considerably stronger 
than gravity it is apparent even at this stage that high particle 
velocities are unlikely to be encountered. 

Two kinds of electrical forces are operative with particles sus¬ 
pended in an electrostatic field. The first is exclusive to charged 
particles, the second to non-uniform fields. The charged par¬ 
ticles involved in the present study are mainly the atmospheric 
ions; the more important facts concerning these have been sum¬ 
marized by Schonland. 2 Particularly relevant items are first the 
preponderance of large slowly-moving ions of the condensation 
nuclei or dust particle kinds, whose mobilities range from 0 • 0005 
to 0*0003 cm/s/V/cm, and secondly that the great majority of 
ions carry a single elementary charge, either positive or negative. 
The particles will tend to move in the electrostatic field along the 
lines of force towards the positive or negative pole, according to 
file sign of the charge. Themagnitude of the for(^ jP c is a product 
of the field strength % in electrostatic units and the number of 
elemental charges on the particle (n x 4* 774) in accordance with 
Coulomb’s law. The electrostatic field of an insulator, however, 
alternates with the frequency of the power supply, and will.cause 
air oscillatory motion of any charged particles. If for the 
moment the possible influence of corona eflfects b^ ignored, the 

% ' ’■ 21- 
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mean Coulombic force is zero when considered over a whole 
cycle, as shown by equation (1). 


P c = 4'774/z- 


< S max sin (otdt ■ 


All particles, whether charged or uncharged, whose dielectric con¬ 
stant differs from that of air produce a distortion of the electro¬ 
static field at their surfaces. In a uniform field the forces pro¬ 
duced by the distortion are balanced; uncharged spherical par¬ 
ticles will remain at rest and, although elongated particles may 
experience a turning moment, there will be no translatory forces. 
If the field is non-uniform, the forces are unbalanced and the 
particles tend to be drawn into the strongest part of the field. It 
is shown in textbooks on electrical theory 3 that the force is pro¬ 
portional to the volume of the particle and to the gradient of 
the square of the field strength, and is also a function of the di¬ 
electric constant. The equation for the force on a spherical 
particle of radius a and dielectric constant k in an alternating 
field of force is shown in equation (2). 


p = i JL 

8 2 /c + 2 * 2 tt 


grad $% ax sin 2 a>tdt 


' grad <£ 2 w 


and is not zero when integrated over the whole cycle. 

These equations can be applied to the present problem in the 
same way as their unidirectional counterparts have been used in the 
study of electrostatic precipitators. 4 Numerous researches have 
also been made into the motion of fine particles 

suspended in air and into the movement of **- 

charged particles in a uniform direct-voltage 

field : 5 the forces acting on all particles in the ^r|| | 

direction of the field gradient have been dis- 

cussed by Roth, 6 who has studied the deposition g I W 

of dust on insulators subjected to the com- / j \ 

paratively still air in a room. \ 

To revert to the equation of the gradient ill 

force, the influence of the dielectric constant of 
the particle is indicated by the term (k — 1)/ IjJ 

(k + 2): this can be practically nil or unity 
according to whether the dielectric constant is /• \ 

unity or infinity. It follows that all air-borne L ) 

particles will tend to be drawn into the field of C__ _ 

the insulator, but the relative intensities of the yg — 

forces involved for water vapour, soot and /■ \ 

silica dust are 0*96,0*6 and 0*45. / Y 

The determination of the term (grad # 2 ) for sgJL 

each region of the complicated field-form of an 
insulator would be a lengthy process. A solu- ' /cpf^ 
tion adopted by the author is to measure the f \ 

actual field strength near the surface of the [ \ | 

insulator with a given voltage applied, and to —« =•-- L 

assume an approximate field-form from which C 
the equivalent (grad^ 2 ) can be calculated. VStSV 

By way of illustration, if a coaxial arrange- 
merit be adopted for the equivalent field of a pip- 
type insulator, the field strength % 2 at a radial v: 
distance x with a potential V applied to the insulator is given 
by equation (3), and grad by equation (4). 

‘ ' :5 *’ 

.. ; ****** ■ « 


Thus, if <f, V and x be measured directly the value of log R/r can 
be deduced, R and r being the corresponding hypothetical radii 
of the equivalent electrode arrangement. Once determined this 
quantity is a numerical constant for a given insulator under 
stable conditions, and can therefore be used as a coefficient of the 
applied voltage in equation (4), so that by substituting the value 
of grad % 2 in equation (2) the pull on a particle at a known dis¬ 
tance from the insulator can be calculated. To quote an actual 
case, the insulator No. 1 shown in Fig. 1 with 20 kV applied had 
a measured field strength of 0-8 kV/cm at a radial distance of 
6 cm from the axis, giving an equivalent grad of 0-1152 F 2 /* 3 . 

The natural rate of settling of particles in air depends upon 
their weight, and a comparison with the pull on the particles due 
to the insulator field is of interest. With Fmeasured in kilovolts 
the force/weight ratio is given by equation (5). 

n^iir_z_yi 

P g k + 2\\og Rlr) *3 

— -- ? - .... (5). 

^rrS .981 

Substitution of the values corresponding to the particular example 
quoted above, shows that the force/weight ratio for water par¬ 
ticles at the insulator surface is only 0 • 0005. The ratio indicates 
that the effect of the insulator field at ordinary working voltages 
is negligibly small. It is evident that this must be so, otherwise 
insulators would become completely coated in an intolerably 
short time. 

(2.1) Air Resistance 

The above result also suggests that the air motion need not be 


20 kV applied 


Measured field strength (kV/cm) at 


* Type 

State 

A 

B 

C 

D 

E 

Pin (a) 

Dry 

1-25 

1*36 

1-62 

0*54 

0*92 

(Fig. 10) 

Fog 

1-67 

0-27 

0-81 

1*08 

' 0*32 


Rain 

10 . 

0-27 

0-22 

0*54 

0*22 

Pin (b) 

(Fig. 10) 

Dry 

0-9 

1 04 

0-63 

0*21 

1*0 

—.. ■ # 


Dry 

0-2 

0-25 

0-45 

0*9 

1*7 

Disc 

Fog 

0-3 

1:2 

1-5 

1*3^ 

1*7 


Fig. 1.—Observed field strengths at insulator surfaces. 

; large to overcome the electrostatic attraction. The motion of 
very small particles is best calculated from Stokes’s law as indi¬ 
cated by . ' 

V V = ^ a ‘ ' ‘ (6) . 

driving force, tj the internal friction 
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of the gas (?? = 1-8 x 10 c.g.s.), and a the radius of the particle. 
For field strengths of a few kV per cm the above equation gives 
velocities of the order of 10“ 3 cm/sec or less, a result in general 
agreement with the n?vestigations of Ladenburg, who also found 
the gradient forces inadequate to account for the operation of 
electrostatic precipitators. As a matter of passing interest, the 
air resistance of larger particles, including raindrops, can be 
deduced from the experimental data determined by Lunnon, 7 who 
found that the resistance to the motion of falling spheres in air 
is given by an equation of the type 

5 = <f>fw 2 d . . . . . . ( 7 ) 

where-J is the diameter of the sphere, v the velocity, A the air 
density and (f> a coefficient which ranges from 0-132 to 0-168. 
With a mean value of <f> = 0-15, h and d 0-00125 and 1mm 
respectively, S = 0-1875 v 2 . Immediately any relative motion is 
produced with respect to the air, the particle will experience a 
drag proportional to the square of the velocity. This factor will 
determine the limiting velocity for a given field gradient and also 
whether the particle is finally captured by the field of the insulator 
or whether it is swept away by the wind. So far as can be ascer¬ 
tained, however, the particle velocities for field strengths below 
the corona limit are so low that only on the calmest days can the 
gradient field have any serious influence upon the motion of the 
particle. 

(2.2) Corona Discharge 

The essential part played by corona discharge in the process of 
dust precipitation is well known; in fact the electric wind from 
the discharge points has been shown to be the dominating factor 

* in the operation of precipitators. In place of the high direct 
voltage with a negative electrode as the source of discharge, the 
transmission-line insulator has an alternating voltage impressed 
with alternate half-cycles of positive and negative corona. The 
rectifying effect of the diverging field is sufficient to impart a 
unidirectional character to the motion of the particles under 
corona conditions. With corona, ionization will be increased 
considerably beyond the'normal atmospheric conditions, both 
as regards the number of ions present and the number of ele¬ 
mental charges on each particle, and Seeliger 4 quotes the case of 

; particles with 1 000 elemental charges. The induced motion of 
a charged particle in a strong alternating field is in the form of 
small elongated loop.^pd-a typical motion of this kind has been 
observed with ammonium chloride smoke in a flask fitted with 
electrodes energized by an alternating voltage. 8 

Although the corona discharge may be intense under adverse 
climatic* conditions, it is confined to the most highly-stressed 

• parts of the insulator. The electric wind, in the form of air jets 
directed away from the discharge points, induces local air circu¬ 
lations which promote the flow of charged and uncharged, 
particles over the surface of the insulator. Measurements made 
by the author indicated that the velocity of the air stream is pro¬ 
portional to the applied voltage, 8 while in addition the electric 
charge associated with the wind is found to be negative at a dis¬ 
tance from the source, so that charged particles would also ex¬ 
perience a unidirectional force. In view of the air resistance, 
however, it is doubtful whether they could have any appreciable 
movement against the air stream. The corona discharge from 
the total fittings or condensation droplets on an insulator is 
most pronounced in fog and rain, and the water particles tend to 
coalesce in the electrostatic field and are directed against the 
various parts of the insulator surface by the electric wind. At the 
surface* any dust particles carried by the electric wind will be 
retained by the surface tension of the moisture film. Thus, in 
effect, corona associated with the large number of particles 
present in fog, and the receptive state of the insulator surfaces. 


constitute important factors in the mechanism of contami¬ 
nation. 

(3) THE ELECTRIC FIELD OF AN INSULATOR 

The forms of the electrostatic fields of the different types of 
insulator are well known as they have been determined both 
experimentally and graphically by several investigators. 9 The 
direction of the lines of force can be explored by means of a 
straw needle, and the intensity deduced from the potential dis¬ 
tribution at the insulator surface. An alternative method adopted 
by the author was to measure the field strength directly by ob¬ 
serving the oscillations of a small brass ellipsoid suspended by aii 
unspun silk thread in the various parts of the field around the 
insulator. The ellipsoid had previously been calibrated and the 
field strength was determined from the equation 

9 = K(n 1 — n 0 ) 2 . ...... . . (8) 

K being the constant of the ellipsoid, the number of swings 
per second with the field applied and /? 0 the number of free 
swings per second. 10 

In order to obtain some idea of the field strengths prevailing 
in practice, field strengths of some insulators were measured at 
their rated working voltages* and in the corresponding dry, rain 
and fog states. The results are shown in Fig. 1. The fog state 
was imitated by subjecting the cold insulator to a steam bath, 
so that condensation took place on all surfaces and provided the 
appropriate distortion of the insulator field. Such procedure is 
admittedly open to criticism inasmuch as a low temperature is 
usually associated with fog, but the method used has been shown 
to give results comparable with actual conditions. 11 

The salient features of the field forms of insulators, such as 
the, stress concentration round the shackle in the suspension 
type, the axial distribution around the spindle in the pin-type, 
and the formation of equipotential surfaces in the design of the 
porcelain shape,'have often been discussed. The direct deter¬ 
mination of the field strength by the method of timed oscillations 
takes into account the non-uniformities due to these various 
features. A striking demonstration of the validity of the method 
is provided by the accurate measurements obtained in the in¬ 
vestigation of the field strength of the non-uniform field of an air 
condenser.' Some details of the ellipsoid and the results of 
this test are given in Appendix 11.1. 

So far as can Be gained from the foregoing tests and from 
the published observations of artier workers, there is no reason 
to believe that insu^tor field strength r&w Abnormally high 
values under OMihar^t^ The stress in the air around 

the shackle on the line m - of a 132-kV insulator string ap¬ 
proaches the corona limit, wh«ev?n the pin-type the values .are 
considerably less. The calculations. and the experimental 
evidence tend to show that in fine weather the electrical forces 
are comparatively weak; it is only during rain or fog when 
electrical discharges are present that the electric field of the insu¬ 
lator plays a direct part in bringing the contaminating particles 
to the insulator surface. 

(4) THE AIR FLOW AROUND AN INSULATOR 

Except on the very calmest of days an outdoor insulator will 
always be subjected to a moving air stream, and will thus exhibit 
the turbulence and wake effects exhibited by all aerodynamic 
bodies. These effects have their origin in the velocity gradient 
at the; surffu^ of the body. At very low air speeds the flow 
follows approximately the contours of any obstacle in the air 
stream and the flow is described as laminar, or streamlined. At, 
higher air speeds, the velocity gradient at the surface is sufficiently , 
lar£e to cause a breakdown of the streamline flow and a breaking 
away of the Prandtl boundary layer in the form of sheets of small 
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Laminar 


sheets 



Vortex sheets 

y 

KS. ^Wake 
eddies 

?% 

Vortex sheets 


(a) 


Fig. 2.—Smoke traces of eddy formations around insulators. 

(a) Pin type. ( b) Typical air-flow around cylinder. 

(c)' Air flow over suspension-type insulator. 

vortices on either side of the body. This occurs at definite 
values of the Reynolds’ number, and large slowly-moving eddies 
are formed in the'region between the vortex sheets, i.e. directly 
in the wake of the body. An insulator will thus be subjected to 
three types of air flow, as shown in Fig. 2; the laminar flow on 
the windward wide, the high-speed eddies in the vortex sheets on 
either side, and the slowly-moving eddies in the wake. It will 
be shown later that each of these types of flow makes a charac¬ 
teristic contribution to the deposition of foreign matter on the 
surface of the insulator. In addition to these effects the de¬ 
flecting action of the insulator sheds must also be-con§Merbd t 
and the combined phenomena can be conveniently demon- "' 
strated at low air speeds by means of smoke traces. Fig. 2 also 
shows (the smoke patterns for two typical forms of insulator. 
These patterns were drawn diagrarm^ically from the direct 
observation of the air mov ^e^v ^d^r the^nsulator, as indicated 
by the smoke taper^tid at various points 

near the hrsulator. The differentof insulator can be re- 
solved-'into a number of standai^I%joihetrical forms whose air- 
flpw characteristics have already been exhaustively studied and 
-'To which reference will b^found in any book on advanced aero¬ 
dynamics. Particularly ' relevant forms are the cylinder, the 
hollow cylinder, the truncated cone, and the open-ended pipe 
with an axial spindle. Fig. 3 gives a pictorial illustration of the 
types of air circulation associated with some of these forms, and 
sufficient knowledge is. available to determine the air flow over 
similarly-shaped parts of insulators. 


number in the ratio of 1 :2. A similar varia¬ 
tion arises as a result of the shapes of the com¬ 
ponent parts of the insulator and its fittings; thus 
for a given wind speed ove? an 8-in diameter in¬ 
sulator the Reynolds’ number can range from 
70 000 to 250 000 at positions corresponding 
to the different diameters of the sheds. 

In order to study the influence of the three 
types of air flow on the deposition of dirt at the 
insulator surface, a closed-circuit wind tunnel was 
built, complete with the usual baffles and honey¬ 
combs for air control, and fitted with means for 
injecting smoke, cement dust and steam into the 
flow. Some data about the tunnel are given in 
Appendix 11.2. Various standard forms were 
subjected to test, as well as insulators with their 
working voltage applied, while the tunnel was also 
calibrated in terms of fan speed and the weight 
and size of suspended matter per cm 3 . The ex¬ 
perimental results obtained were in accordance 
with air-flow theory. On smooth surfaces the 
flow was uninterrupted and the particles moved 
relatively fast, so that they were less likely to 
be retained by the electrostatic field. In addition 
the surface was subjected to a scouring action 
so that any particles which attempted to adhere 
were removed. On certain parts of the insulator, 
particles tended to be thrown directly on to the 
surface, and this gave rise to a thick, coagulated form of deposit. 
At other points where the air flow broke into eddies the particles 
took a longer time to traverse the field of the insulator and tended 


A 

jgU 




m 

rtnr 


m 

w 




Fig. 3.—Air-flow over geometrical shapes. 


(a) Plane. 

(c) Hollow pipe. 


(b) Cylinder. 

(d) Truncated core. 

(e) Coaxial cylinders. 


To quote an example of the foregoing possibility, Fage 12 has 
determined experimentally the separation of the vortex sheets 
from the sides of a cylinder; he found that this occurred at angles 
between 86° and 105° to the axis of flow, with the centre line of 
the cylinder ag the origin. The air speeds ranged from 22-0 
to 71 *4ft/sec and corresponded ; .to a change in the Reynolds’ 
number from 102 600 to 333 000. It follows that in practice the 
air-flow pattern around an insulator will alter both with the wind 
speed and the dimensions of the body. The former, taken at an 
average value of 25 m.p.h. and increased to a maximum of 
50 m.p.h., would be equivalent to a change of the Reynolds’ 


to be thrown against the surface by the centrifugal force. This 
gave rise to a more uniform and finely-divided form of deposit. 
Fig. 4 shows the results obtained with a smooth cylindrical sur¬ 
face, and for the purposes of explanation the cylinder ‘ban be 
divided into three regions according to the distribution of flow. 
They are: the area of direct impact, the region of tangential 
flow, and the wake area. The deposits from each region were 
carefully removed in sections and weighed; ^the. results are 
plotted in Fig. 4. It was found that a deposit of uniformly 
varying thickness occurs in the front, the thickness bein^ pro¬ 
portional to the angle of impact. There was no deposit in the 
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Fig. 4.—Distribution of deposit on a cylindrical surface. 

(a) Plan with radial scale enlarged. 

(b) Developed distribution. 


tangential region where the impact angle is zero, and a deposit 
of uniform thickness was formed on the rear half of the cylinder 
in the region of the wake. Horizontal surfaces placed in the air 
stream beside the cylinder showed traces of the vortex sheets 
and the eddy formation in the wake of the cylinder. 

A second interesting example tested in the wind tunnel was 
the truncated cone shown in Fig. 5. Here the pattern of the 

# deposit was not parallel to the axis of the cone, but displaced 
according to the Reynolds’ number corresponding to the changing 
diameter of the horizontal sections in a manner which is in agree¬ 
ment with the air-flow researches of Fage. That is to say, the 
smaller the radial dimension the earlier the transition from the 
region of direct impact to that of the wake effect. The con¬ 
tamination thus showed a clean oblique strip down the cone, and 
the boundaries of this strip approximated to the results of Fage’s 
tests, also tabulated in Fig. 5. 

To anticipate some later results, the types of insulator ex¬ 
amined upder these conditions all exhibited the same features, 
and the distribution of deposited matter can be summarized as 
follows: On the conical vertical surfaces the deposit is of variable 
thickness on the windward side, changing to a uniform thickness 
on the lee side, at an angular position which, regarded in plan, 
depends upon the Reynolds’ number. Horizontal or nearly 
^horizontal surfaces under the sheds exhibit deposit patterns in 

* conformity with the air flow in the wake of neighbouring vertical 
surfaces. Ribs arranged concentrically, as on disc-type sus¬ 
pension insulators, show deposits on the windward edges, but 
are comparatively clear where their curvature is in the direction 
of flo^. Deeper concentric arrangements exhibit the same 
tendency around the edges, but inside show a fairly uniform 
deposit which diminishes as the distance from the open end 

-.increases. ' ... 

(5) THE COMBINED ACTION OF THE ELECTRIC FIELD AND 
' # : r . AIR FLOW 

In practice neither the electric field nor the air flow is constant 
so that experimental conditions can represent only a particular 
phase of die general problem. The electric field changes with 
the moisture distribution and with the different types of insulator, 
while the airflow may vary from practically laminar flow in still 
air to turbulence in high wind. Moreover, the distribution of 
the turbulence will undergo a polar rotation with respect to the 




Fig. 5.—Distribution of deposit on a conical surface. 


v (ft/sec) 

22-0 

26*9 

39*2 

57*9 

71-4 

vlh x 103 

102*6 

125*4 

182*8 

270-0 

330-0 

C (deg) | 

86 

92 

94 

105 

105 


v = air velocity. 

‘ l — cylinder diameter. . 

v = kinematic viscosity. 
vlfv — Reynolds* number. . 

C — angular position of start of turbulence. 

insulator, according to the direction of the wind. The implica¬ 
tions of Sections 3 and 4 are that the electrostatic held is re¬ 
stricted in its attracting action to those regions where the air 
flow is low, or where eddying causes the particle to be re tained 
in the strong part of the field for an appreciable time. The 
following experimental evidence, however, shows that this should 
not be taken to exclude the fact that the electrostatic effects play 
a vital part in the retention of those particles which actually 
come into contact with the surface of the insulator. 

a (5.1) Surface Effects 

• The factors involved in the final retention of the particles at 
the insulator surface are the boundary layer of still air at the 
surface, the surface roughness, the applied voltage, and the 
humidity. The experimental investigation of each of these items 
was carried out in the wind tunnel. A cylindrical test-piece with 
an internal electrode was used, so that a sensibly radial field was 
produced. The soot deposit upon the test piece was collected 
after each test, which occupied about half an hour. The in¬ 
fluence of the wind velocity on the surface deposit was tested by 
circulating the air in the wind tunnel at successively increasing 
air speeds, and weighing the amount deposited on the cylindrical 
surface in equal intervals of time. In this test and in the other 
tests which are about to be described, the quantitative results 
obtained are relative to each group only, that is to say the values 
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for each experiment can be compared only with other experi¬ 
ments in the same set. Because of the complexity of the variables 
involved no attempt was made to correlate the amount deposited 
per unit area with the quantity circulated during the total time 
of each test. 

The results of the wind-velocity test showed that in three 
tests out of the four the weight of deposited matter was almost 
exactly the'same (see Table 2), but the size of the aggregates 
deposited at high velocity was very much greater than at the 
lowest air speed. 

Table 2 

Variation of Deposit with Wind Velocity. Duration of 
- Test, 30 Minutes 


Air speed 

Deposit 

ft/min 

g 

132 

0-0027 (fine film) 

265 

0-0029 

397 

0-0018 

660 

0-0028 (flakes) 


In the above^test the same total quantity of suspended matter 
was present in the air in each case, but at the higher speeds the 
same quantity was passed over the insulator a proportionately 
greater number of times. The fact that this merely- resulted in 
the same amount being deposited By the end of each test suggests 
that the matter deposited may vary in proportion to the quantity 
of contaminating matter passing over the insulator in a given 
interval of time, but inversely in proportion to the air velocity. 

To ascertain the influence of the surface roughness upon the 
rate of deposition, measurements were made with glass-paper 
surfaces whose successive degrees of roughness were determined 
with the aid of a microscope. The paper was cut into strips and 
mounted on the surface of the porcelain. The results are given 
in Fig. 6 and indicate that the amount deposited is directly pro- 



Fig. Influence of surface irregularity on weight of deposited 
matter. 

portional to the height of the surface irregularity. Smooth 
porcelain corresponds to the zero value, while the constant 
represented by the intercept in Fig. 6 depends upon the adhesive 
properties of the contaminating matter. A practical conclusion 
from this experiment is that the deposit will concentrate in: ever- 


increasing quantities on those parts of an insulator which are 
prone to contamination. Incidentally, calculations show that on 
the basis of the amount of suspended matter in the air the^epth 
of the air layer disturbed at the rough surface is about twice that 
of the surface variation. 

To determine the influence of the applied voltage, successively 
increasing voltages were applied to the electrode inside the porce¬ 
lain for each half-hour test. The results are shown in Fig. 7, 


£- 0-02 

Q 



0 5 10 15 20 25. 

Applied voltage, kV *■ 

Fig. 7.—Influence of applied voltage on weight of deposited matter . 

and it will be observed that although the distribution of dirt was 
similar to that in Fig. 4, the weight of matter retained on the 
surface of the insulator was exactly proportional to the square of 
the applied voltage, a result in agreement with electrostatic 
theory but controlled by air-flow conditions. 

Next, the influence of the relative humidity was studied, but 
with a totally different kind of result. The humidity during the ‘ 
tests was measured by the wet- and dry-bulb thermometer 
method, which gave very consistent results in the wind tunnel 
provided the wet bulb was free from deposit. Table 3 shows the 
final results of the experiment, and it will be seen that the humidity 
itself had very little influence upon the amount deposited; a far 
more important factor was the state of the porcelain surface—the 
deposit increased tenfold as soon as the porcelain was wetted. 

Table 3 

• . 9 ; 

Variation of Deposit with Humidity. Duration of Test, 
30 Minutes 


Average temperature 


Humidity 


0-0422* 

0-0016 

0-0004 f 


* Surface wet 


Reference has already been made to the testing of different 
i :fbKrizi9. ^ 'JFijB*' . : 8- 

patt^ pfodne^i oh l^e uhcier-side of a jnn-type dhd suspepsion - 
W^ a t° r > respecid^^ information obtained from 
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Fig. 8.—Observed distributions on under-sides of insulators exposed 
in wind tunnel. 


(a) Pin type. (4) Suspension type. 

Wind direction, left to right. 


gram for the British Isles with the radial scale as the number of 
days on which the wind blows in a given direction. If the 
amount of contamination is constant, irrespective of the wind 
direction, e.g. near the middle of a large industrial area, a distri- • 
bution corresponding to Fig. 9 will be produced on the under¬ 
side of the insulator. This figure is deduced by superimposing 
the typical pattern -from Fig. 8 on itself in the appropriate 
angular positions corresponding to the different wind directions.. 
Where the source of contamination is localized, e.g. near an 
isolated factory or along one side of a railway line, a result 
. similar to Fig. 8 will be obtained, the orientation depending 
upon the prevailing wind. 

^ The foregoing argument applies to - all parts of the insulator 
surface, so that it is possible to map out those areas which are 
likely to become heavily coated with dirt deposits and so obtain 
a picture of the probable condition of the insulator after a long 
period of service. In practice, the actual contamination can 
consist of widely different substances, such as soot, tar, salt spray, 
cement dust, bauxite, and organic matter. These will vary 
greatly in adhesive properties, hardness, and electrical con¬ 
ductivity; many forms are non-conducting when dry and con¬ 
ducting only when wet. Where salt is present, there is always 
the danger of deliquescence, although the atmosphere itself may 
not be saturated. It is clear that moisture films must therefore 
play an important part in determining the behaviour of the 
insulator in the contaminated state. 


these wind-tunnel experiments suggests a line of approach" to the 
problem of forecasting the probable performance of a given 
design of insulator, from the contamination standpoint. The 
# dirt pattern produced in the wind tunnel represents the case of 
a , constant wind direction. In practice, additional information 
about the position of the insulator in relation to probable sources 
of atmospheric contamination and the meteorological infor¬ 
mation about wind direction and the amount of rain and fog 
would be necessary. A convenient starting-point is the polar 
diagiam of wind distribution, and Fig. 9 shows a- typical ,dia- 


N 



S . 

Polar diagram of wind direction for 
one. years data 


(6) MOISTURE FILMS 

The principal phenomena accompanying moisture films on 
insulator surfaces are (a) the distortion of the electrostatic fif-H , 
together with a change in the potential distribution, (b) the change 
in the surface resistance of coated portions and the bridging of 
these portions by conducting moisture paths, (c) the cycles of 
alternate heating and condensation caused by the drying-out and 
re-forming of moisture film over certain parts, accompanied by 
sparking following the receding sharp edges of the film. Tests 
made on a cylindrical porcelain surface which had been exposed 

to the weather for some weelfs gave flashover values of 6-0kV/cm 
when dry, and 2-8 kV/cm when wet, compared with 6-0kV/cm 
and 3•O kV/cm, respectively, when clean. 

Moisture films can be divided into four groups, (a) the surface 
film which is present even in dry weather, (b) the film produced 
as a result of temperature differences between the insulator and 
the surrounding air, (c) the film which forms on the insulator in 
mist and fog, and (d) the surface wetting produced by drizzle 
and rain. . • 

Pilms belonging to the first group give rise to no practical 
difficulty and are usually associated with the surface resistivities 
of solids. It is worth noting, however, that the leakage current 
shows a considerable variation with the relative humidity. 
Table 4 shows a typical record obtained with the disc-type 
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insulator in Fig. 1; two of these insulators were suspended in 
series so that their leakage current could be measured with 20 kV 
applied. 

The second type of moisture film is usually encountered on 
cold insulators whose thermal time-lag has maintained their 
temperature below that of the surrounding air, thereby causing 
the insulators to act as condensing surfaces. This effect is a 
well-known source of difficulty when switching-in a transmission 
line which has been out of service. The differential drying action 
of the wetted surface results in a change in the voltage distribu¬ 
tion of the insulator and may-cause abnormal voltage gradients. 
The unequal rates of drying can arise from such causes as the 
change in the cross-section of the leakage path on an insulator 
surface, the varying current density produced by capacitance 
current flowing to the moisture films, and differences due to an 
initially fortuitous distribution of the moisture on the surface. 
An indication of the mathematical treatment of this problem is 
given in Appendix 11.3. The chief interest, however, is the 
effect of the differential drying in amplifying the uneven distri¬ 
bution, of potential on the surface of a contaminated insulator, 
the consequences of which are dealt with in Section 7. 

The third process of moisture deposition is effected by the 
movement of suspended water-vapour particles of microscopic 
dimensions, which has already been discussed. Two other 
points may be mentioned, namely the tendency of these particles 
to coalesce under the influence of the electrostatic field, and the 
drying action as well as the particle-carrying effect of the corona 
wind. If the rate of deposition is sufficient to cause complete 
surface wetting, continuous sparking may take place locally on 
the insulator surface between the more heavily-wetted patches on 
adjacent parts. ; 

The problem of rain-wetted surfaces has been thoroughly in¬ 
vestigated by numerous research workers, 9,13 and mention will 
be made only of the encrustations of deposited matter left by 
evaporation of rain drops at the edges of the insulator sheds. 
These encrustations build up to provide a local roughening of 
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the surface, so that deposits accumulate at a progressively in¬ 
creasing rate. A similar effect takes place in a more distributed 
form on the upper sides of insulator sheds, with the resuk that 
although they are actually rain-washed they present a gradually- 
increasing filmed appearance. The build-up of this film is too 
slow to reproduce artificially, and it is surmised that the two main 
causes of its formation are the natural settling-out of solid matter 
from the atmosphere and the bringing-down of similar con¬ 
tamination by raindrops. In both cases the moisture finally 
evaporates from the surface of the insulator, leaving an extremely 
fine and tenacious film which can only be removed by proper 
cleaning. * 

(7) CONDUCTING DEPOSITS AND FLASHOVER 
A clean insulator or insulator string will withstand many times 
its working voltage without flashing over, yet in practice insulator 
flashover is known to occur at voltages within the range of 
ordinary operating conditions. Failures in these circumstances 
indicate that a redistribution of potential must take place on 
the insulator surface to enable the arcing to start. With a very 
humid atmosphere some types of deposit become relatively good 
conductors, and this, in conjunction with the differential drying 
of the insulator, throws the whole strain of insulation upon the 
remaining clean parts of the surface. It is recognized that the 
measured total resistance of an insulator generally provides a 
very inadequate indication of the working condition. If, how¬ 
ever, the problem is reduced to the study of the clean high- 
resistance paths connecting isolated conducting areas, the possi¬ 
bilities of a quantitative treatment are considerably improved, 
particularly as the different parts are maintained at potentials 
governed partly by their distributed capacitances, but much more 
so by the leakage current over the surface of the contaminated * 
insulator. 


In order to facilitate resistivity measurements, the group of 
insulators illustrated in Fig. 10 were all fitted with small con¬ 
ducting tabs at the numbered positions in the sectional view. 



•sides of tested insulators. Arcing at* start of flashover shown on right 
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The insulators were then soiled in turn in the wind tunnel by 
exposing them with their working voltage applied for about 
6 hows in some cases and about 12 hours with large units. These 
durations were determined from preliminary tests devised to* 
ascertain the state at which the insulators would fail at about 
twice their working voltage, and it was found that contamination 
had to be extremely bad before this occurred. After soiling, 
each insulator was taken out and the resistance of the paths 
between consecutive conducting tabs was measured. The 
insulators were then tested for flashover under fog conditions 
at 50 c/s. As a result of their treatment the insulators exhibited 
the familiar patterns shown in Fig. 10, and the tests showed that 
the start of flashover was by pilot sparking across the clean parts 
of the surface, except where intense corona discharge occurred 
between thickly-coated, closely-spaced ribs. 

It is convenient at this stage to mention that the testing trans¬ 
former should have adequate power available to maintain a 
power arc, although, its overload-relay settings may prevent the 
total destruction of the insulator, which could occur in practice. 
In some cases the more heavily-coated parts of the insulator may 
pass sufficient current to cause the transformer to be tripped out 
without arcing showing over the whole surface of the porcelain, 
and it is often difficult to differentiate between conduction and 
breakdown. The tests showed that this was not a vital issue in 
the present instance, as the power available ensured sufficient arc 
flame from the clean sections to complete the flashover of the 
insulator under test. Photographic records were taken of each 
insulator during the tests, and the position and appearances of 
the arc discharges are shown in Fig. 10. 

The results obtained suggested that the flashover voltage of an 
insulator could be estimated from a knowledge of its surface con¬ 
ditions; a method of forecasting the distribution of the surface 
deposits has already been given. To reduce the complex three- 
dimensional case to an equivalent two-dimensional form, the 
developed surface area of the insulator can be drawn geometri¬ 
cally to scale and the contaminated parts plotted thereon, as 
shown in Fig. 11. 



Fig. J.1 .—Determination of flashover voltage from surface-resistance 
nfeasurements. Insulator (b) (Fig. 10). Estimated flashover 
voltage, 57 kV. 


In the Calculation of the flashover voltage, it will be presumed 
that the resistance distribution for the insulator surface has been 
determined eitlfer by direct measurement or by estimation from a 
developed area drawing showing the contamination. A voltage 
is assumed to be applied to the insulator and increased until the 


most highly-stressed section of the insulator has a voltage gradient 
of 3 kV/cm. This section is assumed to be clean and wet, and 
the voltage across it can be estimated by multiplying the length 
by the voltage gradient just quoted. The failure of this section 
may or may not lead to the complete failure of the insulator. 
This will be governed by the condition of the remainder of the 
insulator, and the total voltage across the insulator is found by 
taking the ratio of the total resistance to the section resistance 
and multiplying by the section voltage. 

The first section is assumed to fail at 3 kV/cm. Its resistance 
is therefore deducted from the total resistance, and the voltage 
gradient across the next highest-stressed section calculated to see 
whether this exceeds 3 kV/cm. If it does so the total voltage is 
considered as being maintained, and this second section is re¬ 
garded as having also flashed over. If the gradient is less than 
3 kV/cm, then the voltage across the second section is calculated 
at 3 kV/cm and the new total voltage determined. The process 
is repeated until all the clean parts of the insulator have been 
accounted for. Attention is then directed to the lower-resistance 
sections. These are treated in a similar manner, but with the 
proviso that sections whose resistances are less than 1 megohm/cm 
but greater than 0 • 1 megohm/cm are considered to have a break¬ 
down voltage of 2* 8 kV/cm, corresponding to the dirty porcelain. 
Below 0 T megohm/cm the insulation resistance is practically 
negligible for high-voltage purposes, and with these sections alone 
in circuit the flashover of the insulator is considered to be 
complete. 

Table 5 gives the resistance measurements and calculated flash- 
over voltages for the set of insulators in Fig. 10, indicating the 
main stages in the calculation for each insulator. The Table 
also shows a comparison between the estimated and actual 
flashover values and the agreement between the hypothetical and 
actual arcing surfaces after the accelerated contamination tests. 
It will be seen that the results agree remarkably closely, despite 
the various forms of insulator and the approximate nature of the 
assumptions involved. The discrepancy in the case of No. 6 
was due to the intense corona discharge between the stem and the 
more thickly coated parts of the inner sheds. 

(8) CONCLUSIONS 

There is no doubt that, in the final determination of the per¬ 
formance of an insulator from the anti-dirt standpoint, it is 
essential to have recourse to the test racks of the testing stations 
and the manufacturers’ laboratories, and to supplement the 
evidence obtained by service experience on overhead lines. It is 
admitted that the complete account must involve a study of the 
means by which material deposited on insulators is removed by 
wind, rain and frost, but there seems little object in attempting 
a study of this nature using only artificial deposits. The claim 
is made, however, that the present paper provides a reasonable 
working hypothesis of the mechanism of insulator contamination 
and may suggest possible lines of attack on the practical problems 
involved. 
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Table 5 

Estimation of Flashover Voltages of the Insulators shown in Fig. 10, based on Resistance 
Measurements between Selected Points on Their Surfaces. 



Insulator No. 1 

Insulator No. 2 

Insulator No. 3 

Max. dia. 8*75 in 

Creepage length 18*75 in 

Total resistance 1 519*07 MP. 

Max. dia. 10 in 

Creepage length 21 *5 in 

Total resistance 22*99 MQ 

Max. dia. 12 in 

Creepage length 27 in 

Total resistance 353 • 15 MQ 

Contact section 

Point 

1 (Line) 

' 2 A 

3 B 

4 C 

5 D 

• 6 E 

7 F 

8 ° 

9 H 

10 J 

11 K 

12 L 

13 M 

* Sect. res. 

Sect, length 

MP/cm 

Sect. res. 

Sect, length 

MP/cm 

• Sect. res. 

Sect, length 

MQ/cm 

MO 

0*04 

0*03 

3*0 

10 

500 

1 000 

1*5 

4*5 

cm 

4*25 

3*3 

6*5 

3*54 

3*0 

6-6 

6-0 

15*8 

Earth 

0*009 

0*009 

0*46 

2*75 

166 

152 

0*25 

0*285 1 

MQ 

0*1 

1*2 

0*18 

0*15 

0*1 

0*39 

0*65 

1*4 

20 

cm 

4*7 

2*67 

6*4 

3*8 

4*85 

4*05 

11-5 

9*5 

11-2 

0*022 

0*032 

0*028 

0*036 

0*02 

0*09 

0*056 

0*15 

1 1*78 

MQ 

0*3 

0*3 

0*175 

0*4 

0*075 

0*5 

1*0 

0*4 

300 

50 

— --- 

cm 

7*4 

4*3 

7*22 

6*4 

5*9 

6*4 

4*7 

6*7 

5*75 

8*4 

0*04 
. 0*07 

0*02 ’ 
0*062 
0*013 
0*078 
0*212 

0*06 

17*2 

5*9 


Earth 

Earth 

Calculations 

Sects. E and F have approximately equal 
gradients and will fail together. 

At 3 kV/cm voltage across E = 9*0 kV 
do. F = 19*8 kV 

„ . Total = 29*2 kV 

Remaining resistance 1 519*17 — 1 500 
=r 19*07 MP. 

Sect. D has now 6*5 kV/cm and will arc- 
over without increase of voltage. 
Resistance of remaining sections is low, 
and as H is exposed to corona from 
spindle with 15 kV across, this section 
will also arc and insulator should flash 
over at about 30 kV. 

1st sect, to fail is J. . . 

At 3 kV/cm, section kV = 33*6. 
Corresponding total = 38*6 kV. 

2nd sect, to fail is H. 

At 2*8 kV/cm, section kV == 27*4. 
Corresponding total = 57 kV. 

Remaining sections have practically no 
insulation value, so flashover voltage 
estimated at 57 kV. 

1st sect, to fail is J. ’ “ 

At 3 kV/cm, section kV = 17*2.* 
Corresponding total — 20 kV. 

2nd sect, to fail is K. 

Section kV = 25*2. 

Corresponding total » 26*8 kV. 

3rd sect, to fail is G. 

At 2*8 kV/cm, section kV == 13* 1. 
Corresponding total » 39*8 kV. 

Remaining sections have negligible insula- j 
tion value, so flashover voltage esti¬ 
mated at 40 kV. 

Flashover voltage: Estimated 
Observed 

30 kV 

35 kV 

57 kV 

55 kV 

40 kV 

39 kV 

Arcing sections: Estimated 
Observed 

EFDH 

AEFH 

— -——------ 

J H 

ACJH 

JKG 

JKGFEDA 


Insulator No. 4 

Insulator No. 5 

Insulator No. 6 

Max. dia. 13 in 

Creepage length 31 in 

Total resistance 149 • 77 MQ 
—------ 

Max. dia. 9 in 

Creepage length 21 *5 in 

Total resistance 3 910*15 MQ 

Max. dia. 7 in 

Creepage length 10 in 

Total resistance 1 900 MQ 

Contact section 

Point 

1 (Line) 

2 . *■■■*;• 

3 » 

4 C 

5 D 

6 E 

,V. 7 . F 

■° : \ 

'■'•V ' . 1 ' . 

11 K 

12 L 

13 m 

Sect. res. 

Sect, length 

MP/cm 

Sect. res. 

Sect, length 

MQ/cm 

Sect. res. 

Sect, length 

MQ/cm 

MQ 

20 

100 

7 

1 

10 

9 

0*1 

0*2 

0*15 

0*12 

1 

1*2 

cm 

8*8 

5*35 

4<5 

4*8 

2*4 

8*1 

7*35 

4*66 
*. ' 3*5 

9*3 

4*25 

1*6 

2*25 

18*6 

1*56 

0*21 

4*15 

M2 

- 0*014 

0*43 

0*43 

0*018 

0*235 

0*75 

MQ 

100 

500 

9 

0*15 

500 

2 000 

1 

800 

cm 

5*8 

3*72 

4*8 

5*09 

5*09 

4*3 

2*15 

3*6 

17 

134 

1*86 

0*029 

98 

465 

0*46 

222 

MQ 

0*04 

0*5 

0*14 

O'03 
1000 

500 

400 

cm 

4*8 

4*8 

5*9 

3*75 

6*0 

3,*75 

5*7 

0*008 

0*104 

0*029 

0*008 

166 

134 

79 

Earth 

r- 

# V , Earth 


Earth 

Calculations 

1st sect, to fail is B. 

At 3 kV/cm, section kV = 16*02. 
Corresponding total == 24 kV. 

2nd sect, to fail is E. 

Section kV = 7 * 2. 

Corresponding total « 35*2 kV. 

3rd sect, to fail is A. 

Section kV == 26/4. 

Corresponding total — 54 kV. 

Section C*s gradient exceeds 3 kV/cm when 

A fails, and thus C fails without increase 
of voltage; Similarly F fails when C 
does. Remaining insulation negligible, 
so flashover voltage, estimated at 54 kV. 

1st sect, to fail is F. 

At 3 kV/cm, section kV = 12-9. 

Corresponding total = 25 *2 kV. 

2nd sect, to fail is H. 

Section kV =» 10* 8. .•••••. 

Corresponding total = 25-8 kV. 
jT a J“ A will all fail successively without 
further increase in voltage, as their 
gradients exceed 3 kV/cm. 

Remaining sections have negligible insula¬ 
tion value, so flashover voltage esti- 
mated at 26kV. • 

1st sect, to fail is E. *\ 

At 3 kV/cm, section kV = 18. 

Corresponding total = 34 kV. 

At 34 ky all the remaining sections should 
• fau without further increase in voltage. 
Estimated flashover voltage = 34 kV. 

Actually this insulator flashed-over under 
the particularly , adverse test conditions 
at 16*5 kV, owing to corona from the 
spindle short-circuiting G and F. © r 

■ S' j' • * 

Flashover voltage: Estimated 
...' ■ ■' Observed 

54 kV 

55 kV 

*. 26 kV ■ 

27 kV 

. 34kV •' 

16*5 kV • * * . 

Arcing sections; Estimated 

^^^ ■resjatsapply otfy to the ua 

BEAFC 

BEAFC 

rticular conditirme _ 

FHBEA . 

FGHBCEA ‘ 

• EFGAfc 


f any of these insulators 
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(11) APPENDICES 

(11.1) Field-Strength Determination with an Oscillating 
Ellipsoid 


Table 6 



Field strength 


Calculated 


Observed 


The chief agent for the production of smoke was the com¬ 
bustion of turpentine and cotton waste in a side chamber. It 
was not possible to maintain the amount of suspended matter • 
absolutely constant during each test, but samples taken with the 
suction device, used for abstracting a known vol ume of air 
showed the amount of suspension to rise to a maximum and 
gradually fall during each half-hour period. The mean Quantity 
of suspended matter was 1 *57 g per cubic metre. 

(11.3) The Differential Drying of an Insulator 
The non-uniform current density on a disc with electrodes at 
the centre on opposite sides, results in evaporation taking place 
more rapidly at the inner radii. In the case of a uniform surface 
with a potential applied at opposite ends the reason for differen¬ 
tial drying is not so obvious but it can be calculated as follows: 
Consider the surface with resistance p per unit length. Let the 
voltage and current at any point x on the surface be E and / 
respectively, with a voltage E t across the whole length / of the 
film on the surface. Also let Cj and C 2 be the respective capa¬ 
citances in parallel with the line and earth. The potential at any 
point is given by 

1 d 2 E ■ • 

p' dt? = ~ (OCl(E2 ~ E) 

Er 

whence E = — s inh A*x + D sinh A\l - x) 

+ D sinh .4*] 

where A = pcf, B — pc 2 \ D = p(c t -f c 2 ) 
dE E 

35 - Ti dMl BA ‘ A' - 


The constant K in equation (8) depends upon the dimensions 
of the ellipsoid, its moment of inertia and the system of units 
used in the measurements. To calculate K it is necessary to 
measure these quantities very accurately, but by suspending the 
* ellipsoicT in a uniform field of known strength the value of K 
can be obtained directly by experiment. In this way the constant 
bf the small brass ellipsoid having axes of 0*5 cm and 0-1 cm 
was determined by suspending the ellipsoid at the centre between 
two parallel plates each 50 cm diameter and spaced 24* 3 cm ' 
apart. With 21-53 kV applied, the time for 20 swings was 
14*8 sec, whence rii was 1 * 35. The period of free swing was 
1 •03 sec, so that k = 1* 015 kV per swing per sec. 

The dimensions of the air condenser ip which the ellipsoid was 
tested for behaviour in a non-uniform field were 36 cm radius 
and 3/ 75 cm radius for the outer and inner electrodes respec¬ 
tively.* A potential of 39* 5 kV was applied to the inner electrode. 
The calculated and observed field strengths at different radii are 
given in Table 6. 

• * (M *2) Details of Closed-Circuit Wind 
Croa6-sectiont)f tunnel = 2 ft x 2 ft 
Mean length of circulation path = 20 ft* • 

Maximum air velocity « 700 ft/min. V- 


When x = 0, dE 


= DA ~^EcothA~l 


When x = /, 


— E t BA % ^coth A*l 


The rate of drying across the moisture surface is proportional to 

If t is the thickness at any point and r 0 the initial thickness, 

dr /dE \ 2 1 /dE\ 2 , . , , , 

then j r (where*! and k 2 are constants) 


whence 




or P = Poe ki ( d £) Z ‘ ; 

and dE/dx is greatest at x — 0 and x == l. Thus it will be seen 
that the rate of drying is an exponential function of the voltage 
gradient, and this is greatest at the ends adjoining the electrodes, 
so that the moisture film will dry out on these parts first, causing; 
* of stress and possibly incipient 

sparldng. 






INFLUENCE OF MAINTENANCE REQUIREMENTS ON THE DESIGN* 
OF ELECTRICAL INSTALLATION EQUIPMENT* 

By HAMLYN DRAKE, B.A.f 

(The paper was first received 1 8 th September , and in revised form 24 th December , 1943. It was read before the Installations Section 

9th March , 1944.) 


(1) INTRODUCTION 

This paper has been prepared primarily with a view to pointing 
out the weaknesses from the maintenance point of view of 
electrical installation equipment with particular reference to 
domestic and commercial installations, but there are in addition 
a few comments on industrial practice the design of which is, in 
the experience of the author, far more satisfactory. 

An endeavour has been made to select from the enormous 
amount of material available those items which are of the 
greatest importance, but there must be many other points which 
either from ignorance or oversight have been omitted, and no 
doubt the discussion will help to fill the gaps. 

In this connection it must be pointed out that the compilation 
of the paper has been made possible only by the assistance of a 
large number of people actively engaged in the installation in¬ 
dustry to whom the author (who should more properly be called 
the “editor”) is very much indebted. 

Maintenance engineers as a class are prone to complain that 
the design of electrical plant, cables and accessories, switchgear 
and domestic equipment, though reasonably satisfactory in 
operation, causes unnecessary delay when repairs are required 
and.unjustified cost which could have been avoided had the de¬ 
signers been more closely in touch with the problems of the 
maintenance engineer; and it is hoped that the paper may have 
the effect of co-ordinating to some extent the efforts of these two 
vital branches of the electrical engineering industry. 

Wherever possible an effort has been made to suggest improve¬ 
ments and remedies and to confine suggestions to those which 
•are commercially practicable, but in some instances it may be 
thought that the extra initial expense is unjustified. The author 
submits, however, that in many cases the extra cost is well repaid, 
by the reduced maintenance charges during the life of the installa- 
tion or appliance. It is realized that there may be divergent 
views on this matter, but the author’s point of view does merit 
serious consideration. 

For ease of reference the equipment has been considered under 
the following headings:—- 

Switch and control gear. 

Cables and cable accessories. * 

Wiring systems. 

Wiring accessories. 

Utilization, including domestic, commercial and agricultural 
applications. 

Industrial plant. 

In general, complaints fall into four main categories:— 

Insufficient space for wiring. 

Inadequate terminal arrangements. * . 

Lack of standardization. 

Lack of appreciation of the innate clumsiness of the general public, 
^manufacturers’ future designs overcome these four fun damen tal 
difficulties, much perplexity will be saved in the maintenance and 
installation industry. / 


(2.1) Motor-Starters 

To facilitate the replacing of motor-starters, the standardization 
of fixing centres for various sizes would be of assistance if it could 
be arranged. This comment applies very generally to all appa¬ 
ratus considered in this paper, and it will be found that the 
recommendation occurs again and again. 

Another general comment which applies particularly to motor- 
starters is that there is usually insufficient space for wiring. 
Cables, sometimes of large diameter, are crowded inside the 
starter case and either become subject to damage by mechanical 
pressure or foul the operational mechanism. In either event the 
trouble may not become apparent until a considerable time has 
elapsed, but the results are nevertheless serious. This difficulty 
is further aggravated by the fact that terminals are often placed in 
inaccessible positions thereby causing delays, not only during 
installation, but also when maintenance or replacement becomes 
necessary. In the operational mechanism, the contacts are often 
so inaccessible that cleaning and maintenance are extremely 
difficult. 

The resistance units may sometimes need replacement, and if 
some method could be found whereby they could be detached m 
without interfering with the starter casing more time would.be 
saved. This feature is already incorporated by some manu¬ 
facturers, so that to a certain extent it is a matter for selection 
by the engineer responsible for the specification. 

In starters for lower-power motors, thermal protected gear is 
often incorporated, and this is very apt to get out of adjustment 
unless the design is such that dust is excluded. 

As a final comment it has been suggested that isolating switches 
incorporated in the starter would be of great assistance, and some 
commentators have even gone so far as to recommend that this 
feature be standardized. 

(2.2) Industrial Oil Switches 

These are generally satisfactory, but tank-lowering gear would 
be appreciated even on the smaller sizes. 

(2.3) Air-break Switches * • 

Air-break switches rated at 100 amp and over are often difficult 
to install. The terminal arrangements make it almost impossible 
for'satisfactory connections to be made where large v.i.r. cables 
are employed. These generally enter through the bottom of the 
unit from a large conduit and then need a double set in "a small 
space to enable them to be spread to suit the terminal spacings. 
In a triple-pole and neutral unit this is no easy matter, and apart 
from the waste of time and money involved there is a considerable 
risk of damage to the insulation unless great care is taken. It is 
suggested that the terminal block might be arranged in a semi¬ 
circle, with the terminals at the circumference of a circle?'$hose 
centre was the point of entry of the cable. : 


(2) SWITCH AND CONTROL GEAR (2.4) Switch-Fuses 

If manufactured by the better-known makers, switch and con- All ironclad switch-fuses should follow the best designs, in 
?°* .ff ar ’ es P eciaI ly when of large capacity, gives little trouble Which the switch can be mounted either at the tGp or the-bottom 
out there are certain points which are open to criticism. of the case. This makes it unnecessary for the incoming cables 

* installations section paper. t Drake and Gorham, Lt* to cross behind the mechanism. This crossing of cables in a 
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small space is a frequent cause of maintenance difficulties. It 
has been suggested that all small fixing holes in this and similar 
apparatus should be tapped and. the fixing screws inserted from 
the front of the case • so that a damaged unit could be replaced 
without dismantling the complete switch; or, as an alternative, 
that some form of telescopic mounting should be provided, so 
that the mechanism could be withdrawn partially from the switch 
for repair. It is appreciated that the latter suggestion would 
probably necessitate an excessive first cost and that in spite of the 
undoubted convenience to the maintenance engineer its adoption 
might prove too expensive. 

(2.5) Flat Back-Boards 

It is the normal practice for manufacturers to leave the ter¬ 
minals for the outgoing cables at the back of the circuit-breaker 
or switch terminals wherever they may happen to be, and pro¬ 
vision has to be made on site to support and insulate these out¬ 
going cables or conduits from live metal-work. This is often a 
costly operation and the final result may leave much to be desired; 
and if manufacturers could devise a simple method of bringing 
all connections to a terminal board fixed at the top or bottom 
of each panel, it would make matters far simpler for the installa¬ 
tion and maintenance trade. 

(3) CABLES AND ACCESSORIES 
These are on the whole satisfactory, and comments are confined 
mostly to points of detail. 

(3.1) Underground Cables 

Underground cables give excellent service, and this is no doubt 
due to the fact that their installation and maintenance have been 
• largely in the hands of the manufacturers ; the lessons which they 
have learnt have been embodied in their designs, thus proving 
the advantage of close co-ordination between the maintenance 
engineer and the manufacturer. 

There is, however, one suggestion which has often been made 
but which for some inexplicable reason seems to present an in¬ 
soluble problem to the manufacturers, namely that a strip de¬ 
noting the size of the cable should be incorporated inside each 

length. Such an arrangement would be of very great assistance 
and would save much time and money. 

(3.2) Armoured Cable 

Experience has shown that unserved cable for internal distri¬ 
bution is perfectly satisfactory provided proper arrangements are 
made to avoid caging. If no such arrangements are made, much 
time is wasted in installation and the final results, even with the 
. very best wprkmanship, often leave much to be desired. This 
difficulty can be completely overcome by the use of a superim¬ 
posed fiat helical winding, and any slight extra cost is more than 
saved in the completed installation. As is well known, there $re ' 
t wo main types of armoured cable, one of which has wire armour¬ 
ing and the other steel-tape armouring. The latter has many 
advantages, and it is simpler and more satisfactory to make use 
of this type on the larger sizes of cable, but, especially now that 
the lead covering is lighter than in the past, great care has to be 
exercised in its use on the smaller sizes, as it is found that if the 
cable is bent at all sharply there is a tendency for the tape to cut 
into the lead and cause faults to develop later. This difficulty 
does not exist-if wire-armoured cable is used in the smaller sizes, 
say up to 0 - 0225 in diameter. 

(3.3) Unarmoured Cable 

THe extensive use, owing to war-time restrictions, of un- 
armouifed cable underground has caused less difficulty than 
might have been expected, and many hundreds of miles are now 
giving satisfactory service with a considerable saving in cost, but 


it is essential that such cable be adequately served and best results 
have been obtained by the combined use of paper and hessian* 

(3.4) General 

Another difficulty, partly from the installation point of view 
and partly from that of maintenance, has arisen because the 
colours of the cores have not been standardized. For instance* 
in some four-core cables red, yellow, blue, and striped colouring, 
are used, whereas in others red, yellow, striped and black are 
used, the striped cord usually being specified as the neutral in 
the first case and as the blue phase in the second. 

It is suggested that the same colour should be standardized and 
used throughout the installation and that it should apply to 
cables, busbars, sub-circuits, and small wiring. Such an innova¬ 
tion would considerably simplify the work of the maintenance 
engineer. 

It is understood that a modification of B,S. 158 is contemplated 
and that this would incorporate the above suggestion. 

(3.5) Underground-Cable Boxes 
These accessories are on the whole satisfactory provided that 
they contain an inner lead sleeve to which the lead covering can 
be wiped, thereby making a completely watertight joint. If the 
lead sleeve is omitted there is always a danger of moisture 
entering at the boxes and causing a breakdown. Such boxes are 
already in existence, but from the installation point of view it 
would be a great convenience if there could be more standard 
sizes of sleeve. At present, where the lead sleeve is too large it 
requires a great deal of dressing down, and if the cable is too 
small there is a considerable amount of making up to be done; 
in both cases time is wasted. 

The only other criticism, which is almost universal, is that the 
compound filling hole is too small. 

(3.6) End-Boxes 

These are generally satisfactory, but it is not always possible 
to obtain boxes of one particular make and it is therefore essential 
that the flanges and fixing centres be standardized. 

(3.7) Inverted End-Boxes 

The usual practice is to use an ordinary end-box with a plate 
made of plywood drilled on site to take the outgoing v.i.r. tails* 
but this system is not always satisfactory, especially where the 
ambient temperature is high, and there is a great need of a 
standardized box specially designed for inverted use with an oil 
and compound seal at the base. At present such boxes .must be 
made up specially. 

(4) WIRING SYSTEMS 

Wiring systems, of which there are eight important types at 
present in use, are considered separately. All of them have good 
and bad points, and some skill is required in selecting the most 
suitable for any set of conditions. 

(4.1) Screwed Steel Conduit 

This appears to be the most generally approved system of 
wiring at the present time in this country, provided that it is* 
properly installed and that satisfactory continuity is assured* 
The use of graphite grease on all screwed connections has been 
advocated, and this is of special importance where conduits are 
buried in concrete. Where connections have to be made to 
adjustable grid boxes and similar equipment without screwed- 
spout entries, the brass-disc washer, has also been of value. 

Trouble has sometimes been experienced in the use of gal¬ 
vanized conduit owing to spelter being left inside the galvanized 
tube and damaging the insulation when the cables are drawn in* 
Sherardized conduit overcomes this difficulty. 

It is essential that great care be taken in the manufacture of 
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conduit to ensure that the external size is uniform, so that time 
is not wasted in threading; and a more uniform standard of hard¬ 
ness is required, so that bends may be made accurately at the 
point where they are required and not at some other point where 
the metal is soft. Little difficulty has been experienced in this 
respect in recent years, but at one time it was a serious cause of 
complaint. 

(4.2) Grip Steel Conduits 

There appears at the moment to be a school of thought which 
favours the increasing use of this method of installation, but the 
continuity of pin-grip fittings is most uncertain and lug-grip 
fittings, while reasonably satisfactory if properly installed, show 
little saving in cost over a screwed-barrel installation, especially 
if the general propensity for using an excessive number of fittings 
is indulged., 

(4.3) Copper Conduit* 

This system has many advantages over any other. Condensa¬ 
tion troubles are almost non-existent and, even if they do occur, 
they do not, as in the case of steel conduit, form a compound 
which is deleterious to the rubber insulation. A further ad¬ 
vantage is that, under the above conditions, rewiring is immensely 
simplified.. In steel conduit, when rusting has occurred it is 
often virtually impossible to withdraw the wiring and replace 
with new. 

(4.4) Lead-covered Wiring 

This seems to be a generally accepted system, but unless an 
earth wire is incorporated there are continual complaints of loss 
of continuity owing to the poor design of the continuity grips 
and ,the softness of the lead. It has, however, the inherent dis¬ 
advantage that unless protected from mechanical damage the 
lead may become dented, thereby putting the rubber insulation 
in a state of compression which forms a potential weakness liable 
to cause serious trouble at a later date. 

Incidentally, it would be of assistance if some form of rat 
poison could be incorporated in the lead to avoid the ravages 
frequently caused by these rodents. 

(4. 5) Tough-Rubber Sheathing 

Tough-rubber installations have many advantages particularly 
if an earth-continuity wire is installed, but mechanical protection 
must be provided, and for new buildings it is suggested that light 
conduits and cast-iron boxes should be installed between the 
floor and roof spaces for all switch and plug positions. The 
cable could then be drawn in afterwards, satisfactory earthing 
being provided by bonding the earth wire of the t.r.s. to the 
back of the outlet boxes, 

(4.6) Mineral-insulated Wiring Systems 

These have proved most satisfactory in damp situations or 
where the ambient temperature ishigh, but existing methods of 
sealing-off the ends of the cable require simplification and im¬ 
provement. At present it is exceedingly difficult to detect faulty 
joints at the time of installation and in damp situations the fault 
may not appear until three or four months after the work has 
been completed. •. 

" (4.7) Duct Systems 

-puct systems have been adopted extensively for large office 
buildings and. similar Situations, and have proved satisfactory 
except that there is great scope for further development in the 
design of tlje various outlet ‘boxes. Extreme accuracy is neces¬ 
sary to ensure that the outlets are flush with the finished floor 
level, and all outlet boxes should be provided with a simple afid ' 
inexpensive method of adjustment of at least £ in to meet the 
usual and apparently unavoidable variations, 

I system is to be entirely satisfactory it is essential that 


there be the fullest co-operation between the architect, the 
consulting engineer and the electrical contractor, and the cost is 
greatly reduced if provision for the ducting, particularly in 
vertical runs, is provided in the building construction. In large 
buildings the vertical risers can be in the form of busbars, and 
hardwood or metal doors should be provided at each floor to 
give ready access. 

(4.8) Copper Concentric Earth-Return System 

Experience has shown that if properly installed this system is 
virtually trouble-free. Faults are easily located, and owing to 
the nature of the design, adequate earthing and bonding cannot 
become defective; any fault is bound to blow the fuse. Un¬ 
fortunately, the system can be used only with private generating 
plants or in the comparatively few cases where supply authorities 
allow multiple earthing on their system, but apparently it is con¬ 
sidered that in the majority of cases multiple earthing would cause 
difficulties, though where it has been adopted experience seems 
to disprove this view. * 

(4.9) Flexible Conduits 

Where these are used to connect to motors or other equipment, 
there is a general complaint that there is no satisfactory form of 
adaptor, and unless the flexible tube is sweated continuity cannot 
be assured. If a satisfactory adaptor could be provided, factory 
inspectors might be persuaded to dispense with the independent 
earth wire that is at present obligatory. 

(4.10) Bell Wiring 

Bell wiring is always unsatisfactory unless carried out with 
good-quality rubber-insulated cable. There are still many bell 
installations wired with cotton-covered cable which are an abso¬ 
lute plague to maintenance engineers, and the comment is often" 1 
heard that owing to this cause alone the bells give far more trouble 
than all the rest of the installation. 

( 

(5) WIRING ACCESSORIES 

Under this heading there are a multiplicity of small items, 
many of which are far from satisfactory, and more space has 
therefore been devoted to this section than to others. 

(5.1) Main Distribution Boards 

Installation and maintenance would be far easier if all manu¬ 
facturers would standardize the sizes of cases for the various 
ranges of boards, the cases being so designed that switches, 
switch-fuses and cable end-boxes could be fixed direct to the tops 
or bottoms of the boards. 

Here, again, terminal arrangements are difficult. The incoming 
cables may be 19/0*083 in of larger, and there is seldom sufficient * 
room for these connections to be made without danger of 
damaging the insulation. A suggestion has been made that in 
all sizes of fuse-board more room would be available if the cable 
lugs were placed on the extreme end of the busbars instead of 
staggered as at present. This criticism applies principally to 
the cheaper-quality boards. 

Another cause of frequent complaint is that the neutral bar is 
inaccessible and often appears to have been added as an after¬ 
thought and tucked away somehow in the only comer where 
there is room for it, regardless of the fact that it serves a useful 
purpose. ! ' „ ■ ' 

Now that high-rupturing-capacity fuses are being used so uni-v 
versally it would be of material assistance if all fuse-bridges were 
designedin such a way that this type could be used. " 

. ythere barriers are placed between the poles the materiaf used 
is often mechanically weak, or at any rate bri&e, and Bable to 
break, away at the fixings. This is a frequent cause of trouble 
and^tn6re ^adequate means of support are required. 




( 5 . 2 ) Sub Fuseboards 

agai f’ sufficient space is seldom allowed for wiring so 
that tije usual increased maintenance costs are involved, and com- 
anents axe much the same as those on main distribution boards 
except that the use of pressed steel or fabricated cases is favoured 
These are lighter to handle, fixing is an easier matter, and knoct 
•out holes can be provided to receive the conduits or glands re- 

111001111118 main should be provided 

at the top as well as the bottom of the board. 

Standardization of fuse centres and small fittings would be a 

^ advantag f’ and a further suggestion has bJn made that 
where earthing lugs are required they should be connected by two 
hxing screws instead of one in order to avoid the danger of the 
•connections working loose. s 1 Tne 

S " eWS f VC the Penance engineer a deal of 
time. The non-captive type are easily dropped, and termers 
become frayed m looking for them. ^ 

(5.3) Porcelain Fuses - ■ 

There must be a large potential demand for a porcelain 
which rs capable of being wired by a reasonably intelligent human 
being m under an hour. Most of the existingdesigns 

services of a^clock-maker, with more than the usuaf complement 
of hands, when they need attention. complement 

^ Inany case, provision should be made for the fuse wire to go 
der a rigid clamp and not under a washer; the latter tends to 
turn with the screw with the result that the wire is tightened and 
breaks and this generally happens after one end has been satis- 
only anchored, so that still more time is wasted before the 
fuse is rewired. To simplify the work of the maintenance 
engineer (particularly when he is called in after membersofthe 
.public have been indulging in amateur efforts) it is further snv 

sfzfof tw aU be fitted with a flat £c 'oJSSffi 

size of the fuse wire to be used is indicated by the contractor who 
carries out the original installation, so as to avoid the use of 
incorrect sizes in the future. me use 01 

AU sizes of fuse wire should be listed under safe carrvinv 
capacity and not as at present under fusing current ^ g 

(5.4) High-Rupturing-Capacity Fuses 
This type has proved most satisfactory, but much time 
and money would be saved if the centres were standardized 
-This, is particularly necessary in factory installatione „i i 
machine-tool tnataa often a^pply 

equipment incorporating h.r c fuses of a ’ 7 ? 01 5 

”“ te from 

There is a demand for a h.r.c. fuse which gives a vliaht r 

with * surges due to the starting of motorH? t 
the switching-on of large banks of gas-filled lamps The silver 

^nt^D^ f fmmT- n 0 t v t PreSent With this require¬ 

ment. Apart from this criticism and if they could be produced 

diffionl« W P t 1CC ’ b ' r ' C ‘ fuses would surmount nearly all the fl 
dtfSculhes at present experienced with the porcelain tv^e and o 
would to a large extent remove the danger occasioned^™f t, 
member of the public completes a faulty circuit with a hahpin. fl, 

(5.5) Small Circuit-Breakers 

^ main tenance engineer’s point .of view there is no ci 

could thi 

• (5.6) Tumbler-Switches 

inn^^^ r °°m ffir much improvement in this accessory narC fe 
SSv Z “ nnedClo ° with standardization, which should^ply fh 
lot oifiy to fixmg centres but alsd to terminal nositions * TTniw 
" Knt Mdiflonc, mainKmoft, £ 
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c SctsThfsrsrum OT rr ,o 

1 either R A nr m,;, a Ju t0 j 16 , m ' ^he ^ xin ® screws may be 

, and the box either shallow or deep 
Furaermore if the terminal entry is different in surface switches 

- bI ? c * may to be taken down, redrilled and refeed £fore 
3 a faulty switch can be replaced, with the additional difficulty that 
f the vulcanized rubber has become brittle with age anv dif 
! »“ “»»■* <o creek ,„d give ioS. “ y ** 

t So-called 5-amp switches should be more robust and canahle 

! the^^controS^a 6111 ' t ™* 18 P articular]y necessary where 
„L controUmg 5-amp plugs which can be used up to their 

’ can bevelled u^toT **^ 8 Sh ° Vm that exist mg 5-amp switches 
can oe relied upon to break currents up to 3 amp only 

thom Ch f ° f the luick-make/slow-break type materially reduce 
the maintenance costs, but in the author’sexpertSfS 

£ a^mouSf 1 “ 0t ***> unobtainable toXSffi 

,“Sr lumll .o for 

satistactory looping, larger ones would be welcome. 

terminal screws are also a weakness and are apt to strm 
great care is exercised in installation. The pmcfee of iS 

InSr 311 angIe has been of much Vantage to the maintenancf 
^ Adjustable boxes for use with flush-pattern tumbler-switches 

stalled before the application of the plaster, there is often a ear, 
between the edge of the box and the finSed pLfe waU fnd 

nm«drf°L S ?"*Jinaugement could te 

totally eadoccd u,“ mettc^e. SWi “ ““ ,d 

(5.7) Switch-Plugs 

Trouble has been experienced with the switches of ?-amn 

heav- h ' P J U ^ S ’ due t0 1116 tightness of the switch contacts A 
heavier design is urgently required. Also, why is it that a switch 

£*£ 8 S 3 &' Witt appa ; 

f J" int ! rI ^ ty P® niterchangeability is not yet satis- 


(5.8) Plugs and Sockete 

flex^^t° f some makes of Plug top are too smafl to take 
fleiable cords having a current-carrying capacity as high as that 

term^n !? mS ' Ia a P y event the recessed-washer and nut type of 
terminal is much preferred as it avoids the danger ofcuttW the 
flexible cord when making the connection. S the 

A good cord-grip is essential, especially for use with 

"ffK i. realized fti thlTft.Si'tt' 

tot StoSS" * “ ° 0t Pr<> ' ,id ' d oom are 

»hi , ?ZS ,h KW to diapause will, 

cnit;« pl s ' ms accessory has caused maintenance difli- 
Tf pron ® t0 PveAent at anything like its normal rating 

?, Iugs f Te to . be standardized, the author earnestly hopes 
that consideration will be given to the standardization of a flat 

t ? ** * »«—-!££«££• 

-Ft. - of Plug it is possible to obtain good con- 

ct without makmg the fit so tight that the plug cannot be 
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withdrawn without considerable force. Furthermore, this type 
simplifies the question of using varying sizes of plugs (suitably 
fused) in one size of socket. It is admitted that the foreign pro¬ 
ducts are not things of beauty, but they are cheap and seem to 
give no trouble—both points of some importance. 

More sockets are mounted on or near the skirting than any¬ 
where else, and manufacturers should pay more attention to 
wiring. It would be of "Considerable assistance if the interior 
could be removed in such a way that the wiring could be carried 
out clear of the box, a deeper box being provided to take the 
slack and to prevent pinching the conductor between the unit 
and the back of the box. Two obvious objections to this sug¬ 
gestion are that where maintenance is required after some years, 
damage may be caused by disturbing wiring which has become 
brittle,* and that more cutting away will generally be necessary. 

Provision must also be made for looping, as it is becoming 
more and more common to use socket-outlet boxes as draw-in 
boxes, and this again emphasizes the necessity for providing 
adequate terminals. 

If sockets are not to be controlled by switches, some form of 
shutter is most desirable. 

(5.9) Ceiling-Roses 

There is probably no accessory which has caused more irrita¬ 
tion to installation and maintenance engineers than ceiling-roses. 
Manufacturers often forget that they are normally attached to 
ceilings and that work must be done upon them standing on a 
ladder and working above the head. It is therefore essential that 
all terminals should be of more than adequate capacity, not only 
to assist looping but also to provide ease of connection. The 
usual non-captive small screws which are generally dropped two 
or three times before being satisfactorily engaged are a bugbear, 
and alternative methods must be standardized. 

The three-part ceiling-rose is unsatisfactory where the terminal 
base is not directly fixed to the ceiling block or conduit-outlet 
box. When flexible cord has to be renewed the v.i.r. cable also 
has to be moved and at this point it tends to become brittle at 
an early stage, especially where central heating is installed. This 
has proved to be a frequent cause of trouble. The same applies 
' to the semi-recessed, type which fits direct into iron boxes. 

A ceiling-rose incorporating a socket-outlet to which the 
flexible cord can be connected, dispenses with many difficulties 
and has a number of advantages. 

(5.10) Lampholders 

A number of points in the design of lampholders call for com¬ 
ment. In practically all designs shade-carrier rings show a 
marked tendency to become tight after they have been installed 
for some time. Not only does this cause waste of time but shades 
are frequently broken. The use of lugs improves matters but is 
by no means an infallible cure. 

Terminals are another source of irritation. In certain cases 
the wall thickness, especially if the screws are mounted at an 
angles is totally inadequate and results in insufficient threading, 
Which constantly strips when screwed up tightly. Furthermore, 
where lampholders are connected direct to conduit or used as 
• batten-holders, it is essential that the terminals be large enough 
to allow for looping. 

ft must be borne in mind that lampholders in which the 
terminals are firmly fixed to the movable pillars must not on any 
account be attached to v.i.r. cables. 

One last general comment refers*to switch-type holders. These 
are almost universally unsatisfactory owing t© the fact that every¬ 
thing is sacrificed to neatness. It is submitted that it would be 
far wiser to provide a switch-type holder of more robust design 
which could be relied upbn to operate for a longer period. ' 
Metal lampholders are otherwise satisfactory but they should be 


provided with a visible earth connection. The only other com¬ 
plaint is that the porcelains are too weak and are often broken 
even in replacing lamps. This criticism refers particularly fo Edi- 
son-screw types but is not entirely absent throughout the range' 

On plastic lampholders there are three main comments the 
most important of which is that the plastic material is in¬ 
sufficiently reinforced so that the lampholders are too prone to 
break at the bayonet sockets. Where they are used on insulated 
standard lamps the spouts need reinforcement. The present type 
is perpetually breaking at this point and is most unsatisfactory 
in this respect. Some plastic holders have no stop ring between 
the cap and the shade-carrier ring, with the result that when un¬ 
screwing the latter there is a tendency for the whole assembly to 
disintegrate and cause unnecessary waste of time before it is 
possible to resume constructive activities. 

In Goliath holders, especially those used for lamps of 750 watts 
or over, there is need for improvement. The metal-work should 
be stouter and the centre contact fed by means of copper pigtails. 
The springs used for tensioning purposes are subject to consider¬ 
able heat and cannot be relied upon to carry current for more 
than a comparatively short period. 

(5.11) Lamp-Caps 

It would be a great advantage if all lamp-caps could be made 
of an v all-insulated material. On modem installations where 
lampholders are earthed, serious faults have resulted from short- 
circuits between the solder connections at the base of the lamp 
and the cap. The path between the terminals and the cap is so 
short that low insulation readings are often obtained, and the 
source of the low readings is very difficult to trace. In large 
installations it is frequently impossible to remove lamps before 
insulation tests are taken. • 

(5.12) Fittings 

There is such a large variety of equipment under this heading 
that it is impossible to deal with it satisfactorily and it only re¬ 
mains therefore to make the general statement that in far too 
many cases the space for wiring is inadequate, and it is often; 
impossible to use heat-resisting cable where conditions make this 
desirable. In some cases it is even necessary to strip down to 
the vulcanized-rubber insulation in order to get up to the lamp¬ 
holder, and such an arrangement is bound to cause trouble in the 
long run. 

There is a tendency, especially in the cheaper grades, to allow 
far too much weight to be carried by flexible cords, and mainten¬ 
ance difficulties would be considerably reduced if chains for carry¬ 
ing fittings were applied to smaller sizes than is at present 
standard practice. n 

Where portable fittings with bushed holes are provided, the 
latter are often too small to take three-core flexible cord, which 
should always be used where metal fittings are installed, and 
difficulties in installation are caused thereby. 

The provision of visible earth connections on metaFfittings is 
an essential point often overlooked by fittings designers. 

Fluorescent fittings are at present comparatively in their infancy, 
and difficulties are sometimes caused by the lamps themselves 
varying in length. Closer standardization is essential if main¬ 
tenance difficulties are to be reduced to a minimum. 

With external fittings, insufficient care is usually takeivto avoid 
rust. This applies particularly where the fittings are to be in¬ 
stalled near the sea. Protective paints which are now on the 
market should be used to undercoat all such fittings, and this 
work should preferably be done before they are despatched from 
the works, particular care being taken to ensure that all threaded , 
jbinis are properly dealt with. If this is not done at the works 
it is Vital that it should be done by those responsible for the 



erection immediately the fittings are erected, and not, as so often 
happens, when the installation is complete. Ordinary stove 
enamelling is unsatisfactory; it is too brittle and has a marked 
tendency to flaking^ 

(5.13) Bell Accessories 

Bell-transformers are sometimes fused only on the primary side. 
This causes difficulties, and fuses on both primary and secondary 
sides are preferred. It has been suggested that all bell-trans- 
formers should be housed in light pressed-steel cases instead of 
the more usual all-insulated finish. This would facilitate bond¬ 
ing, and installation would be simplified if knock-outs were pro- 
wded so that an efficient earth connection could be made between 
the conduit and the case of the transformer. 

Decorative bell-pushes are frequently made to take only the 
ve ]T small cotton-covered twin bell-flexible which is not very 
robust, and causes maintenance troubles. Provision should be 
made to take standard circular twin with suitably bushed entries 
to the pushes, and proper cord-grips are essential. 

It has been noticed that composition pushbuttons if used in 
damp positions tend to swell and stick. More clearance is 
therefore required where this material is used. 

There is a demand for a satisfactory watertight-pattern push of 
reasonable dimensions. High-voltage, non-watertight pushes of 
the switch type are available in standard conduit switchboxes 
and a similar pattern incorporating watertight features and of 
similar dimensions would fulfil the demand satisfactorily. 
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(6) UTILIZATION 

-■ Utilization covers those items which from the maintenance 
point of view give the most trouble because they are normally in 
the hands of people totally unskilled and ignorant of all engineer- 
mg practice. This particularly applies to domestic appliances 
and it must be appreciated that the troubles are due not so much 
to bad design as to design unable to withstand bad handling. 

_ "} seneral, designers do not appear to appreciate that the great 
British public whom they serve are for the most part entirely 
unmechanical and apparently endued with the proverbial strength 
of the lunatic, so that what would appear to the engineer to be a 
satisfactorily robust design is totally incapable of withstanding 
me normal treatment which it is expected to meet in the British 
home. It cannot be stressed sufficiently strongly that designs 
which would be perfectly adequate in the workshop or factory 
have a ridiculously short life in what would at first sight appear 
to be an easier situation. 

„ IPk^xible connections to portable appliances are a casein point. 
Whatever type of cord is used the cord-grips are usually inade- 
quate,„and the number of faults that are caused and the cost of 
maintenance incurred due to this alone, make it imperative that 
more consideration be given to design. The moulded-rubber 
ends frequently supplied with electric irons appear to be the 
best solution so far, but even these do not appear to be 
sufficiently foolproof. 

(6.1.1) Kettles. 

There are many types of kettle on the market incorporating a 
safety ^device to protect the kettle if the current is switched on 
when it is empty. This is an essential feature but it must be of 
the quickly replaceable type in view of the frequency with which 
it called ujion to operate. ' V 

Inkettles-in which the element is clamped to the bottom there 
is a tendency for the bottoms to warp, so that when new elements 
are fitted it is impossible to make a good mechanical contact, 
Wlych again causes the elements to bum out. The bottoms 
should be mu$h more robust. ' 

In certain hard-water districts, the water reacts with solder, 
and brazing is preferred for this reason. 
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(6.1.2) Electric Irons. 

^ ^ improperly handled, electric irons are a great source of 

, danger as it is so easy to forget that they are switched on. This 
can be guarded against to some extent by installing indicator 
lamps, but these are frequently ignored and some form of 
& thermostatic control should be made obligatory, 
y u ^ as ^ c an< ^ P° rc elain tops are pleasant to look at and to use, 

* the y are fragile and expensive to replace; more reinforcement 
^ is required. • 

[. Trouble has been experienced due to the porcelain insulators 
which support the thermostat being too flimsy. If these were 
n insulated with mica, it would overcome the difficulty. 

Maintenance costs are frequently incurred owing to the iron 
e bemg put down on the flexible cord, and there would appear to 
y be sc °P e for a domestic iron designed on the lines of the type fre- 
3 Warty found in laundries, to which the current is applied only 
5 wben ^ safely on a stand, the iron being removed from the 
stand while it is in use and having no electrical connection 
s whatever. 

5 (6.1.3) Vacuum Cleaners. 

There is probably no more abused form of apparatus than 
. f; ectn< : ^ acuu ™ cleaners . and it appears to be impossible to make 
: the public realize that they do not work on the same principle as 
, floor sweepers, which require to be moved rapidly across the 
carpet. The consequence is that they areconstantly being bumped 
against skirtings and furniture until every nut and bolt (of which 
here appear to be too many) has been shaken loose, leading to 
endless maintenance charges. The bearings are seldom, if ever, 
lubricated, and the bags are not emptied sufficiently often. 

It is therefore suggested that more care should be taken to 
provide nuts of the locking type, and the maintenance engineer’s 
troubles would be much simplified if these could be all of one size. 

belt-lubricating bearings should be employed to a much greater 
extent. 

The orifice leading to the bag should be of ample dimensions, 
as troubles are frequently caused by this becoming blocked owing 
to the bag bemg emptied at too infrequent intervals. 

A frequent cause of trouble is the control switch, which is 
generally too small and restricted. Time and temper would be 
saved if this could be installed in a through-way insulated outlet 
box with a normal type of switch utilized for the purpose. 

. J£ ener al, the parts needing repair, particularly the motor, are 
too inaccessible, and the whole machine has to be dismantled 
for some minor repair. There is great room for simplification, v 
and maintenance engineers complain that they require the limbs 
of an octopus and the patience of Job. y/'\yV'r 

(6.1.4) Electric Cookers. / o/, 

From the maintenance point of view, these appear to be reason- " 

ably satisfactory except in certain types of boiling rings. It is 
absolutely essential that these should be quickly and easily re¬ 
placed since they usually have to operate Under a cataract of 
water and/or grease. .; -,X• 

(6.1.5) Space Heating. 'J : 

There are a number of systems of space heating and it is not 

the province of this paper to discuss their merits or demerits, but 
whatever system is employed the switch control should have some 
visible indication as to whether the heaters are in operation. 
Tubular heaters are frequently arranged in tiers, and certain 
existingmethods of connection are awkward and cduse consider¬ 
able difficulties; it is almost impossible to know whether con- 
nections have been satisfactorily made, and in any case the space 
This refers particularly to flame-proof types. : 
Thmno .. • 

These are often enclosed in cases of insulating material which 
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although made for conduit entry make earth continuity a difficult 
problem. Metal boxes are therefore preferred, 

(6.1.6) Electric Fires. 

These are generally so made that the connections are inside the 
casing. It is impossible to see whether earthing has been satis¬ 
factorily carried out, and when the maintenance engineer has to 
replace the flexible cords it is necessary to dismantle a large part 
of the fire. As faults usually occur inside the casing at the 
terminal ends, they are difficult to locate. A connection box 
with a satisfactory cover on the outside of the fire would be a 
great improvement; or, as an alternative, a reverse plug and socket 
enabling the flexible cord to be removed when not in use would 
have many advantages. 

( 6 . 2 ) Commercial and Industrial Apparatus 
On the whole, commercial and industrial apparatus gives far 
less trouble than that in the hands of the general public, and few 
suggestions have been made. 

(6.2.1) Permanent-Waving Apparatus. 

This is surprisingly satisfactory, in view of the conditions under 
which it has to operate, but there is room for improvement in the 
flexible connections. % 

(6.2.2) Portable Tools. 

These give little trouble, provided a satisfactory flexible cable 
is employed, preferably heavy t.r.s. with steel-wire braiding 
which could perhaps be used as an earth conductor. Earth con¬ 
nections on all tools should be visible and very robust. Con¬ 
nection to the circuit wiring should be by means of a plug with a 
screwed fixing ring so that it cannot be pulled out. 

(6.3) Rural Installations 

Unfortunately rural electrification is not yet on a sufficiently 
large scale to provide much opportunity for criticism and sug¬ 
gestions, but the maintenance engineer would like to impress upon 
manufacturers and consultants responsible for the design of 
rural installations that they will usually be operated by farm 
labourers who, although skilled workers in the truest sense, are 
accustomed to very robust apparatus such as ploughs and horse 
rakes, and whose knowledge of the use of mechanical small tools 
is usually confined to the hammer. AH apparatus must therefore 
be of the very simplest and with as few exposed moving parts as 
possible. 

Furthermore, motors for use with agricultural machinery will 
genially be installed in places where there is inevitably dust and 
chaff, or in dames which though spotlessly clean have a humid 
atmosphere; it is therefore strongly recommended that all motors 
should be of the totally-enclosed type or, at any rate, dust-proof 
and they must be liberally rated as they will almost certainly be 
subject to considerable Overloads from time to time. 

A standard specffication for agricultural motors is urgently re¬ 
sumed, especially in view of the greatly increased demand to be 
expected after the war. 

, same general principles apply to the installation of electric 
stenUzexs and other dairy equipment, and watertight fittings 
should be used thereon if maintenance costs are to be kept low. 

It is submitted that there is great scope for development in the 
use of electricity on farms for all purposes, and grass-drying must 
not be overlooked. On the poultry farm there are endless 
opportunities for incubators, brooders, and the like, and the 
app lication of ultra-Violet rays for both poultry and cattle gives 
further scope for specialist application. In the market garden 
also, electric heating has proved successful both for greenhouses 
and soil heating, and research has been carried out on the effect 
of high-voltage discharges for the improvement of crops, but at 


present the maintenance engineer has insufficient experience 
except on general lines to be able to express definite opinions. 

In rural installations for agricultural purposes the safety factor 
is of prime importance, owing to the susceptibility of all animal? 
to electric shock, and there is much to be r said for the use of 
three-phase step-down transformers to give a maximum voltage 
between phases of 100, with 57-8 volts to earth. Even at this 
figure there is still danger, and this can perhaps best be overcome 
by the more extensive use of earth-leakage trips, a practice which 
has been successful for many years on the Continent. 

(7) INDUSTRIAL PLANT 

Although perhaps not strictly within the scope of the paper 
there are a few general remarks on industrial plant which may 
prove of value. In general, there is far less room for adverse 
comment on this class of apparatus than on the electrical gear 
already discussed. 

(7.1) Motors and Generators 

On the whole, few difficulties are found in dealing with the' 
medium- and larger-size machines, but the terminal boxes are in 
almost every case too small. They should be made in such a 
way and of such a size that it is possible to accommodate the 
connections with ease, and so that screwed conduit, cable-end 
boxes or glands for cambric-insulated cables can be coupled 
direct to the box. 

Further, it is strongly recommended that terminal boxes should 
be fixed in a standard position on the motor frame. 

Here again, much time would be saved if the marking of the 
terminals could be standardized. 

It is a great help when terminal boxes are so made that they 
rotate and enable entry to be made from a variety of different 
directions. Maintenance is also much assisted if captive milled- 
head screws are used to hold the cover-plates, instead of the 
hexagon- or slotted-head screws which are frequently employed 
at present. 

In some designs oil drainage from the bearings leaves much to 
be desired, and many troubles are overcome if the surplus oil 
returns to the well without escaping from the bearing end. 

The maintenance engineer often has to change one motor for 
another where repairs are required quickly in order to avoid loss 
of output in the factory, and it is not always possible, especially 
under war-time conditions, to obtain a motor of the same make 
and type at short notice. At present there is little standardization 
m the main essentials, such as shaft diameter or height of centre 
of shaft and fixing holes, and the inconvenience and waste of time 
which this causes would be eliminated if these essential dimensions 

were agreed upon between all manufacturers. ' 

In fractional-h.p. motors it is necessary to test the gap between 
the rotor and stator, and in totally-enclosed machines this is im- 
possible unless suitable holes with spring covers or the equivalent 
are provided by the manufacturers so that a feeler can be inserted. 

(7.2) Welding Generators 

. P rese nt practice for rating these machines by temperature 
rise causes difficulty, as one which does not overheat under load 
may be subject to flashover, and it is difficult therefore to know 
Whether it will deal satisfactorily with any particular welding load. 

The flexible leads are usually fastened to the generator with a 
thumb screw. This would be perfectly satisfactory if operators 
could be relied upon to tighten it up correctly, but rpaintemfice 
experience has shown that this is not always done, and a device 
which will either lock tight or not at all, as standardized by one ♦ 
manufacturer, appears to be the best solution. * 

These are satisfactory, but experiencehas shown that they must be 

protected by quick-acting fuses. Standard fuse wire is unsuitable. 
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(7.4) Batteries 

From the maintenance point of view batteries are generally 
satisfactory, provided that adequate capacity is specified in the 
first instance. There is a tendency in certain makes for the posi¬ 
tive lugs to give way, and these could with advantage be 
strengthened. 

(8) CONCLUSIONS 

In preparing the paper, comments have been based on experi¬ 
ence gained with existing equipment, but it must not be thought 
that the author is entirely in favour of expensive material, made 
more expensive by the necessity for enabling repairs to be carried 
out quickly. There is much to be said for equipment on simple 
and robust lines made in the cheapest possible way with no 
facilities for easy maintenance, but if this method is adopted 
the price must be such that in the event of trouble the whole 
unit can be scrapped and replaced. This presupposes a high 
degree^ of standardization which from the maintenance engineer’s 
fiPmt of view is perhaps the most burning question of all. Much 
of the delay and irritation that is at present caused is due to the 

J 10n ^2f erc ^ an ^ ea ^ > ^^ components of similar capacity supplied 

by different manufacturers. 

If standardization on these lines can be achieved, many of the 
maintenance difficulties will disappear and the amount of capital 
which at present lies idle in the stores of maintenance contractors, 
owing to the necessity for storing a multiplicity of types, will be 
released and utilized in more useful channels. 


It should surely be possible for standardization to be arranged 
in such a way that the individual features and designs of manu¬ 
facturers could be incorporated within the framework of the main 
fundamental standardized dimensions, without cramping the in¬ 
genuity and individuality of designers. Many specifications to¬ 
day seem to operate in the reverse direction by limiting the 
individual talent of designers without providing interchangeability. 

In drawing up standard specifications, it must be remembered 
that as the electrical installation trade has developed there has 
been a steady increase in the ratio of the cost of labour to the 
cost of material, and manufacturers may to some extent have lost 
sight of this important factor in their desire to reduce the cost of 
electrical accessories and fittings. Labour costs on site are still 
rising, and it therefore becomes more than ever important to 
provide material and equipment which will reduce costs to the 
minimum; many of the criticisms in the paper are based on this 
fundamental principle. 

Finally, the author wishes to emphasize the fact that in pre¬ 
paring the paper he has been looking for trouble, and it must not 
be supposed from the conclusions drawn that all equipment is 
fundamentally bad in design. A large quantity of the equipment 
supplied by manufacturers has reached a high degree of per¬ 
fection, but no industry is perfect and it is hoped that the 
author’s criticisms and suggestions may be of some assistance to 
manufacturers in planning new designs for use in the post-war 
reconstruction which we all hope will soon be upon us. 
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Mr. Forbes Jackson : It is true that there is a certain divergence 
of mterest between the manufacturing side and the using side. 
Too many of us on the using side specify the things that only we 
want, and the manufacturers have so many requests for “specials” 
that they discount any criticism; even fair and reasonable criticism 
is often not accepted, because the manufacturer is used to criticism 
that is neither fair nor reasonable. I have found it almost im¬ 
possible to persuade any manufacturer at any time that his article 
was not perfect. That may have been because it was perfect or 
because I was not sufficiently persuasive; but the fact remains that* 
manufacturers are not very responsive to comments from the 
user. 

A suitable apparatus may be chosen and used satisfactorily for 
years. Then its manufacture is discontinued and it is replaced 
by another accessory which does not give the same satisfaction 
as the previous model. Similarly, some small and quite reason¬ 
able cheapening process may have been adopted; e.g. a screw in 
a porcelain base was recently replaced by a< rivet. This was a 
tnvial alteration which the manufacturer did not feel called upon 
to mention, and I should not have commented on it had I noticed 
it at the time; but by the time several thousand had gone into 
service and the porcelain bases had begun to crack, I realized that 
tms small change had let me down on a piece of apparatus in 
which previously I had put a good deal of faith. 

Is there any remedy for what may be called innocent mistakes 
on die part of the designer, who is perhaps not altogether familiar 
with all the conditions under which a piece of apparatus is to be 
used? In other words, how can we get this collaboration which 
the author suggests? I think that it will prove difficult. The 
moto committees that are set up, the more we seem to go round 
m circles. I have asked myself whether the British Standard 
Spec.fications could be enlarged to deal with points of this sort 
I do not think that they could. 

5. wonder whether the E.C.A. are not in the best position to 
deal with the problem, by starting a list of approved materials. 
Any competent engineer feels that he can judge from the look 
of the average piece of apparatus whether it is going to suit his 


purpose or not, but there may be hidden defects which dp not 
become apparent until later. If the E.C.A:, by collaboration 
among their members, could circularize a statement that a par¬ 
ticular switch was unsatisfactory, this might bring home to the 
manufacturer that his switch was not very good, whereas an 
individual complaint would be met by a brusque rebuff. I 
commend the idea to the E.C.A. 

In Section 4.2 the author says that there is a school of thought 
which favours the increasing use of the grip-joint conduit. I 
seriously recommend any contractor who wants to get into the 
housing business to study the merits of grip-joint conduit with 
brazed or welded tube. From a very long experience with it, I 
find it enables the cost to be cut by at least 20% and gives a per¬ 
fectly satisfactory job as compared with screwed-banel conduit. 

Whichever system of wiring is used, if it is put in properly and 
is in-a reasonably dry situation, it will not give much trouble. 
The trouble is almost always with the accessories, and it is 
because these have to be taken off and put on again so many times 
in the installation’s life that the ends of the wires ultimately go. 
Capping and casing jobs last 40 years, while good conduit jobs 
may last only a few years. In a dry situation almost any job will 
do if the ends are treated properly. That being so, I wonder 
whether a range of boxes could be developed in which the ends 
or the loop of every wire were brought to a fixed terminal in 
the box, and the accessory attached to it by a short length of 
wire. That would get rid of many problems, and the wiring 
would not be spoilt when the accessory was changed. 

The day-to-day maintenance of small installations in houses 
and commercial buildings consists almost entirely of sending a 
man to change a switch, socket or flexible; the cost of sending 
tfle man to the job is actually very much greater than the cost of 
the material entailed by the repair, while the time he takes in 
doing the work is very small. We should therefore aim at 
keeping the fixed part of the installation as simple as possible, 
and for that reason I favour flexibles which can be unplugged 
from the ceiling, so that the consumer, if the flexible goes wrong, - 
can nnplug it and take it to the company’s depot to get it re- 
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paired. Flexibles would then not be fixed on to fires but con¬ 
nected to them by plugs. 

The author says that his experience with 5-amp switches is that 
they do not carry the current; that is a general experience. He 
also states that in designing a new socket for domestic purposes 
we should start de novo and do the best we can. I think we all 
agree that one socket is desirable for domestic purposes, but 
there is still a good deal of doubt as to what that socket ought 
to be. Almost the whole of the using and installation side of the 
industry believe that nothing but confusion and trouble will arise 
if we try to up-rate the 5-amp plug; up-rating is apparently being 
pressed on us, against our better judgment, by other people not 
intimately concerned with utilization and installation. If this goes 
on, in a few years’ time we shall arrive at the very state of affairs 
of which the author complains, namely excessive maintenance 
because the views of the installation people have not been heeded. 

Mr. H, J. Cash: I am a strong believer in the future of copper 
conduit, because before the last war I made wide use of the Kalkos 
system, which was tinned brass tube with a thin wall, with a high 
heat conductivity, so that the temperature inside and outside 
was almost balanced and condensation was unknown. Recently 
I inspected jobs carried out on that system over 35 years ago* 
they looked like lasting another 35 to 50 years. Certainly no 
other system which we have adopted has approached it for dura¬ 
bility and freedom from maintenance. 

In Section 4.5, the author says that mechanical protection 
must be provided for tough-rubber installations. This seems to 
me against all experience as this brand of rubber is not harmed 
by even the roughest use. 

I am glad that in Section 5.4 he recommends that a h.r.c. fuse 
should have a slight time-lag. In my opinion, the installation 
“ heading for trouble by its ill-considered assumption 
that the h.r.c. fuse is the fuse of the future. Its drawback is that it 
ruptures instantaneously. The'supply undertaking wants tire 
high rupturing capacity wljich has been provided by quick action 
but the consumer wants not quick action but a reasonable time! 
lag, such as is provided by a cartridge fuse with a copper fuse- 
element. 

, ^ n . S^tion 5.8, the 2-amp plug is said to be prone to over¬ 
heating at its normal rating. I believe that any good manu¬ 
facturer of a standard 2-amp plug will claim that it can be loaded 
up to 4 amp; it has the highest margin of safety of any electrical 
accessory. I agree with the author’s demand for a deeper box 
to receive the socket, for a satisfactory disposal of the slack, and 
to prevent pinching the conductor between the unit and the 
back of the box. Tins improvement will be of great value in the 
e eve opment of the socket-outlet ring circuit, where the num- 
< r°^ ductors t0 so disposed will frequently be six 7/ • 029’s 
The industry has been pressing lamp makers for years to make 
lamp-caps of an all-insulated material, but so far nothing has 
been done. I believe that if there is a sufficient demand for 
insulated lamp-caps the manufacturers will produce them. 

6.1.5, the author says that thermostats are often 
' Ca S S of insulating material which, although made 

ra ' tI 7>, make 631111 continuity a difficult problem; he 
adds that metal boxes are therefore preferred. For electrical 
continuity, a metal box behind the thermostat may be essential 
but there is no need to enclose the thermostat in a metai 
care. Comprehensive earthing is not necessary; for we have not 
achieved safety through earthing. The proper course, particu¬ 
larly with the advent of plastics, is to develop as far as possible 
on aJJ.-msula.ted systems, and to ask for metal-cared thermostats 
is retrogressive, not progressive. 

- Tuc , ker: 111 referrin g to “fixing centres 3 ’ on tumbler- 

smtchesthe author must have confused some of the dimensional 
data. The expression “fixing centres” is used by some people 1 


quite correctly, to describe the distance between two fixing holes 
in the base, and by others to refer to the distance between the 
centres of actual switches. The statement that there may.be a 
variation from If in to 2^ in seems to be a mixture of the two 
because If in is a very general dimension for the pitch of focine 
screws through the base, and 2* in is a fairly general dimension 
for the pitch between switches. The real position is that 1A in to 
lfi in, a variation of ^ in only, covers the almost universal 
variation of pitch between the switch fixing screws. I know no 
switch with fixing screws at a pitch anywhere near 2-. 1 - in On 
switches a high degree of unofficial standardization is already 
operating. The dimension of 2-A.- in obviously refers to the dis¬ 
tance between the switches themselves. The great majority 
however, are fixed at a pitch of 2| in. Out of my list of 14 firms’ 
10 do actually standardize on 2^ in; one uses 2* in, one firm 
will supply either, and only two have standardized on 2 in 
With regard to the flat-pin plug, I must challenge the author ’s 
suggestion that its use in the U.S.A. and on the Continent is evi¬ 
dence of its merits. It just happened that the United States started 
with flat pins, as we did with round ones. On the Continent. 

round pins and not flat ones are almost the universal standard In 

countries using the V.D.E. standards round pins are called’for 
and this applies also to Swiss, Scandinavian and French standards! 

In Section 5.6, the author questions the ability of current 5-amp 
switches to carry 5 amp, but from his next sentence it appears he is 
real y concerned with the breaking, and not the carrying, capacity. 
Ability, to carry even 10 amp on present-day switches is so widely 
recognized that in several export markets 5-amp switches are 
permitted to be used for 10 amp, and are marked accordingly. 

The B.S.I. Committees which meet from time to time to 
standardize various matters on request, consist of representative 
users and makers. Specifications, after being prepared by them r 
are submitted to all interested parties before final approval, so 
that none other than users and makers are to blame for any 
alleged unsatisfactory state of affairs. The features mentioned 
by the author, such as plug terminals, lampholder terminals, 
hickness of wall, threads and so on, have been approved by 
users m committee and by other users before publication. 
Moreover, the very essence of B.S. specifications for accessories 
has always been standardization of features giving essential inter- 
' C ’ lakln ® 631610 avoid limitations in design. 

Mr. S. W. Melsom: In Section 3.4, the author complains that 
the colours of the cores of paper-insulated cables have not been 
standardized. The difficulty in the past has been that engineers 
generally seem to be unable to agree on one definite colour scheme, 
probably because the B.S.I. colour scheme for switchboards re¬ 
quires different colours for different types of supply systems and 
since it is impossible to infclude all of there types in a cable, * 
especially as some may vary with a slight change in the anrange- 
ments of the supply system. The question of colour has given 
considerable trouble for many years. Although there is a B.S.I. 
colour code, actually something like 30 different colour codes are 
lucre. The difficulty for paper cables has been surmounted by 
omitting ffie colours and numbering the cores; this method is 
now standardized in B.S.480. This allows the cable maker to 
make a standard cable and leaves each authority free to choose 
which numbers should becorrelated with its own system of colours. 
Ihis is the best solution up to the present, but if a simple and uni¬ 
versally adopted standard colour code could be devised, the/e is 
no reason why mains cables should not be changed'back to it. 

The author mentions lack of collaboration in connection with 
me sizes of cables and the entry for them into boxes to which 
they are connected. This suggestion of collaboration is to my 
mmd most valuable, and there seems to be no*reason why it 
s ould not be implemented by way of discussions between cable 
mapufiictoffers, box manufacturers and users. 
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In his discussion of wiring systems the antw + 

of spelter left inside brazed light-gauge P onduit-a matter^ nolElv ’ ^ E a , a)m P arativel y complicated job into the space 
H J, importance since most advocates of this light-gauge SEheEiE b V, Smgl f pole switch. 1 ^ink that the 
tube liold that, on .account of its larger internal diame ter § it n,™!^ I regarded as 5 -amp switches is that they are 
s hould be allowed to hold more cables. I should like to know tE d ?\ a 5 ' a 'j np size base> some of which are marked 5 amp 
whether the autiior finds that the lumps of spelter a7efee^rTf fJn.nEE ,** au T tbor ’ S bopes > “ Section 5.8, regarding 

sxr “ 8 ~ ~ ass? 

Mr. Cash has mentioned the copper tube system and reft»w u Pm ? an d ,° wIuch the round pin cannot. I am convinced that 
to the advantages of an all-insulated system. I agree with him the fp?r ’ q t uabty round -pin Plug is the better proposition, and that 
In my view, iron pipes are only used for wirinf £cS» E lin should be incorporated in the plug- 

pipes were used m the past for gas. I should like to see a recon 2*-- as to nd ttle socket of complications. In addition to giving 
sideration of the whole matter with the electrical Lustry losing l £S EE type of P lu § eliminate the 

its gas-industry complex. Enclosure by iron pipes is mobablv Elf E usually required during plug insertion and with- 
very good from the nnint nf view of fire protection^ but it hasbeen Sdabtet-ElEElEEE E ot to the 


— o— enclosure bv iron ninp<? i« j , rr , *«iuucu uunng piug insert 

very good from the point of view of fire protection but it hasten 12 hf “ Pr< ?° f that the desi S“ » not se 
shown m other directions that there is the utoost dfficuhv ““^^rors wJnch occur in buik production 
uhless the worlrmc»r»cTni« ic, *—_j • _, , . . uiuicuiiy, Mr. J. I, Bernard: Little *.i _ 


^ vi view vi nre protection but it has 

shown m other directions that there is the utmost difficulty 
ufiless the workmanship is very good indeed, in installing a con¬ 
duit system embedded in plaster or concrete in which the fotats 

wLETauiEEnE fE sufficiently l0W resistance to deai 

there is a fau EE JF E Jolnts are not well made and 
mere is a fault in the cable, it is quite likely that the fire fine tr. 

arcing at the bad joints will be infinitely greater han 2h wood 
casmg or unprotected systems. a er man wim wood 

Mr. F. C. Fuke: In Section 2.3 the author mentions lack of 
wmng space in air-break switches. I think that this is due to 
cutting selling prices, and the tendency of a large section of the 

£???“*>mid TbeSySfy* £ 

radius of henfi Prepa ^« f specification stipulating the minimum 
radius of bend permitted for each size and type of cable and to 

S u P t0 CaCh appropriate existing specification 
calling attention to the new specification. This would put all the 
manufacturers on the same level. 

Wien steel conduit is screwed into small switch boxes much 
trouble is caused by the ends of the conduit Eg sSe?oS 
of square; tins makes it difficult to get the cover-plafe squEi 
die wall. I should like the author’s opinion on the method of 

Snduit EE “ - the 7 aU of the switch-box, slipping the 
"xEEr , SCr f Wmg the brass bush on the inside of the 
,° . d th ® asuaI lock-nut on the outside of the box so that 

EE Clamp 1116 WaU ofthe box between than. 
J? E hC aUthor refers to mineral-insulated wiring sys- 
• j . my experience of many years ago, the end of the 

^EfiE atl ° n h f d t0156 mmoved before use with a special tool 
iriven down over thp. 


iauuxi w oe removed before use with a snecial tnni I • ^ or in a bam are not nearly so 

kiven down over the inner conductor into theEter SuS oSteIS EEEiE? ^ p ther places F here motore 
nlS” 8 E the mineral between the two conductors. The snedficatinn E E* r®babihty. Ido not think that,a standard 

pace between the two conductors was then sealed with a bitumen industrial tE* f agrlcuItural motors is required; the ordinary 

omnound. Knc --:_ wuwiwdraiumen industrial type of motor k cnitouu ^ 


c umicrai oetween me two conductors The 

ESE 6 !r C f ductors was then sealed with a bitumen 
!?? mid ' J 138 Ihere been any improvement on that method’ 

ition'iS^h-^boards, I have suggested that a spedfi- 
ition is needed covering the radii of cable bends. Up to a 

oSEfE ° D y * a ® w * “» needed on these boards, 

our feet are useless as the surface is rarely flat and one foot is 

ire y ouching, so that the whole unit is under stress all the time 
a m service I think three feet and screws are the riSt E£r 
id suggest fliat they should be in the form of a triangle The 

bereEpEibte. tW ° b0tt0m ^ sbould ^ at brick-centres, 

Ffs ’ 1 Cnd0rS ! die author’s recommenda- 
s m Section 5.3, but I . do not understand his last paragraDh 
to me that only the manufacturer of the fuse unit Fan 
reectiy^fipulate the size ofthe fuse wire to be used with it I 

Se^fliES-Eff 110 ^ 1,6 “ deUbJ y marked bythemanu- 
I?k f ffilse T et0 he usedfctfto current ratings. 

SvonlvJ^wEET 1 “tennediate-type switches are 
Uiy only capable of breaking l amp, as the makers, with much 


A/r t t ■*-»- ^ uuutk proauenon. 

J "’ J : 1 Bernard: Little is now heard ofthe copper concentric 
oEE™ SyS - eni mentIoned in Section 4.8. According to my 
... , ® x Penence it is a very satisfactoiy wiring system. I thought 

f bad SOa , e entirel . y out of use » because the fittings became very 
special and expense. I think it has more scope fo-dayEcS 
here is not now so much objection to multiple earthing which 

w f - despread a ? one time on the ground of possible interference 
with communication circuits c 

the earthing connections are sound, is suJrfluoSfor domEI 
awta, whieh a« „ 0 t „S°£pSX 

k «M.ht f| £ ,u,hor !»“» out that electric fires would 
f reliable with a separate connection box. On many of 

?XVXc£ is p T ided - “ “* “ “>« dSXui 

probably from cost considerations. The 1 author suggests that a 

neS- P SX S “ t '', k ShC r ld P “ vk " d 

«»» 

thaTlE^E 10 rura |_ installations, 1 disagree with the author 
that farm workers are heavy-handed. Also I think that totailv- 
enclosed or even dustproof motors are not necessary as the author 
suggests. Conditions on a faim or in a bam ^fnot nEv so 

dusty as in many flour mills and other places where motors 
operate with verv t j_ JL . . x re motors 


STvSthEnfi Sh ? d E Paid t0 designing something very simple 
and with standardized fixing connections, so that replacements 

very little cost and.perhaps by less skflled labour, 
y E w H RrlS S T W ° rk “Y have t0 ^ done “ the future 

S^ire^tte^Sle? n ^ e E t * ier extens ‘ ons does not^iw 

wfSSf 0311 dedga a swMl 01 a switch housing 

hS removed fron ? the case, without the latter 
wmg to be broken up or the switch having to be dismantled 

anfi^T ri,E a E ei - S havebeen much criticized in the discussion" 
hink it is time that official statistics were available to 
detoume ure the bet 

convenient and efficient use of electricity. 





DRAKE: THE INFLUENCE OF MAINTENANCE REQUIREMENTS ON THE 


Regarding the grip conduit system, I do not altogether agree 
with Mr. Forbes Jackson. From a good deal of experience in 
the Midlands I have found that it is not just a question of the 
installation itself. Many installations were put in with the 
building still in a very wet state, and no account was taken of 
shrinkage in drying out, which, if the conduits themselves were 
fixed on the wood joists or other fabric of the building, invariably 
pulled at the grip joints, and once they were broken or drawn, cor¬ 
rosion set in, and a very high resistance reading was obtained 
within a short time of putting it into service. As far as costs are 
concerned, I have records of a screwed conduit system and a grip 
system on similar buildings which show that the costs of the lug- 
grip system, taking into account the greater number of accessories 
and fittings as compared with the screwed conduit, were higher 
than those of the screwed conduit; labour, not material, is the 
biggest item. 

On ceiling switches the cords are the biggest trouble. Where 
these were installed for protective purposes the cord broke so 
often that it was replaced by wire,* thus defeating the very purpose 
for which the switch was put in. I had expected the author to 
make,some comments on the use of ceiling switches, and par¬ 
ticularly their introduction into bathrooms. I feel that all acces¬ 
sories that claim to conform to B.S. Specifications should carry 
the B.S.I. mark, which should be used only under licence. Many 
difficulties could be avoided if it were illegal to sell accessories 
other than those of an approved standard. 

Mr. F. E. Rowland: I agree with Mr. Bernard that the present- 
day farm worker is not a Neolithic peasant carrying a flint 
hammer, and I suggest that he is now, and will be to a greater 
extent after the war, more conversant with a spanner than with 
a hammer. Farm workers are accustomed to oil-engines and 

other machinery which require considerable mechanical aptitude 

m comparison with which an electric motor is essentially easy to 

th fJ f Uggests the necessit y for a special farm 
motor. Why should the agricultural industry be burdened with a 
special ^design, when there are already so many from which to 
choose. Standard protected-type machines have been widely used 
on farms and have given very good service. In certain situations 
such as dairies, a totally-enclosed motor is undoubtedly called for* 
while the cowl-cooled type is very suitable for dusty situations ’ 

• The author refers to “watertight fittings” for electric sterilizers 
and other dairy equipment. I suggest that he may have had in 
mind weatherproof fittings,” which I am sure he will agree are 
generally adequate. 6 ^ 

Ruling the last paragraph of Section 6.3, I think that it 
would be almost dishonest to sell an installation with 57 -8 volts 
toearth with an implied suggestion that it was safe, which would 
cmainly not be die case with farm animals. If the voltage were 

11W3S Safe ’ ft ' would impracticable for use. 

suggest that so far as cow byres and similar situations are con¬ 
cerned there are two alternatives for absolute safety. One is to 

a!™* 6 that t ^° Se P ?? s ? f ^ buildin 8 to which the livestock have 
access cannot possibly become alive, and the other is the leakage 

J? 14 ye ?f ex Penence in this field I can remember only 
accident to cows in this country, and that would not 
lm ^°2 a ^.!?, rfone of these precautions had been taken. 

Mann: In regard to industrial oil switches, the author 
wL'h K*** are - 8eB f rally satisfactory, but tank-lowering gear 
wpuld be appreciated even on the smaller sizes.” He seems to 
of^be^ ^fsirable features of certain switchgear, especially 
shutter ^tion ^ Firs t, it is important that the 

£' te w?! ;aet f *** relation to the position of the 

S he s Mters must have provision for 

taTwC r ° Ver ^ spout contacts to prevent access to 
than, as when cieanmg or inserting leads for testing purposes. 

Similarly, with a double run of busbars in a casing the contacts 


e should be clearly marked to identify the live from the dead. At 
n least one undertaking has tried to overcome this difficulty by 
e marking the busbars with lines or colours, and extending those 
e to denote the position of the associated, contacts within the 
•f switch. 

e On medium-pressure or low-pressure switchgear where the 
y switches or fuse elements are mounted on the busbar and form 

- part of the busbar assembly, it is desirable that an insulating 
i barrier should be interposed between these and the busbars to 
; prevent any tools being dropped into the bars when a man is 
i working on the fuse or switch unit. A number of accidents have 

- been caused by a serious short-circuit being set up in this way 
5 Portable apparatus is another item which the author describes 
r as satisfactory, but I can scarcely agree with him that such ap- 
5 paratus gets better treatment in factories than in houses. Every 

year about one-third of the fatal electrical accidents in factories 
: are caused by portable apparatus, the use of which is attended 
’ by a special risk because of the certainty of its being handled and 
: the uncertainty of its remaining earthed, 
i I agree on the need for good cord-grips and on some means, 
such as a tapered rubber sleeve, to prevent acute bending at the 
point of outlet; this would remove one of the most prevalent 
causes of shock and bums. So far as flexible metallic tubing and 
its connections are concerned,'it may be difficult to find satis¬ 
factory connectors and resort has therefore to be had to soldering 
or brazing, which is dangerous if done with the cables inside. 
There is, or was, a suitable connector available in the form of a 
split coupling, screwed inside, in which the flexible is placed and 
then clamped down. This gave excellent continuity, and also a 
neat termination for the end of the flexible metallic tubing. 

Mr. P. S. Cattle: Motor-starters mentioned in Section 2.1 are 
often enclosed in an iron case, and access to them with conduit - 
is probably limited to the bottom only; to get at any terminals 
or to tighten up connections at the back of the panel is not easy, 
owing to the depth of the iron case. Starters should be made so 
that full access is obtainable by removal of the outer case. 

Switch-fuses should be reversible, so that they can be used 
with supply cables entering the switch either at the top or bottom, 
without the cables passing by the fuses. I agree on the need for 
replacing damaged units. It has been the custom of certain 
makers to fix their porcelain units on the back of the switch-case 
with small nuts, which are not accessible and which slacken with 
use. Porcelain bases should be fixed on to metal strips by set¬ 
screws with cushioning washers, or the whole of the switch-and- 
fuse gear carried on a separate frame inside the casing. Ter¬ 
minal connections should be easy of access; where a sweating 
thimble is used, a set-screw fixing, instead of passing the thimble 
over a stud, makes a better job. ’ n 

We have had considerable experience with bird-cage wiring on "■ 
armoured cable, but have not found the tape satisfactory. We 
use a heavy oval galvanized-wire wound in the reverse direction. 
The tape has a cutting edge which holds itself in one position 
op the galvanized wire, and when pulling the cable roundra given 
radius the tension is sufficient to break the mild-steel tape. For 
unarmoured cables it is suggested that the lead sheath should 
have a small fin or fins to indicate the number of cores in the 
cable, and flats on this fin to indicate the size of the conductor, 
Our chief difficulty with the colouring of v.i.r. cables is bad 
delivery of cables of the yellow and blue varieties. Cable 
makers do not carry any great stocks. * * 

In Section 4.1 the author recommends a brass washer. For 
some years we have used a lead washer against a faqpd socket, 
with very good results. The lead washer is placed outside the 
box, with*a good-class socket bush (not one with skimped metal) 
inside the box. ' ^ 

I should Iflce to have a few standard designs for porcelain 


ESIGN OF ELECTRICAL INSTALLATION EQUIPMENT: DISCUSSION 


JS “fy diffe , rent types of fuse are now offered that it is 
often (hffleult to replace them when broken. They should be 

At nritnT hXC ' .°I ordinar y fuse wire, with substantial contacts 
°r We S6t dbpper ’ Phosphor-bronze, stamped, cast, fixed 

h^fT 8 COntacts - 111 a recent Job, 800 switch-fuses, all 
the same design, were wanted over a period of two or three 

°? e 1 maker we £ ot three designs of switch with 
di^rent fixmg-holes, different centres and different sized castings 6 

faiUftolw SmaU ? kcuit - breakers > b ot found that they 

tan alter about 15 000 operations at maximum load on inductive 

cu-cutts. Some tumbler-switches with phosphor-bronze contacts 
have done 200 000 operations. The modem porcelain bases are 
often very thin, and bases crack owing to lack of strength and 

Wh^,^- T } C &St ob J ect of maintenance engineer 
hr!!w* S V th mdustnaI equipment is to foresee and prevent 
S na£ W wht n h h t0 make P° ssibIe > si mple means of aSess to 
i ded ThS h ? e t0 56 PPected or adjusted must be pro¬ 
vided. This point is sometimes overlooked in totally-enclosed 

tro^e« |® ar . and m° tors . I should like to see aU automatic con- 
■ ! e f fitted W1 th mterlocked isolating switches and provided 
waM? 1 rt? lnSpectl0n paneIs > so that the maintenance engineer can 
'to option of the controller. Provision should IS 

Snd ?hSi en< ; 0 H d t m °- 0rS f0r fitting fee,ers betwee n the rotrn 
and ftie stator to determme when bearings need attention. 

the JCC ! ° f thC maintenance engineer is to cut down 

the length of any stoppage to the shortest possible time and I 
endorse the author’s plea for standardization. IfmTtorsand 

?nSi e T iP y ent y re standardized so that a new motor could be 
installed without having to alter fixings, wiring connections and 

obieS’ nfy much tune and trouble would be saved. The third 
object of the mamtenance engineer is to carry out necessary re¬ 
pairs at minimum cost. Many motor and starter rep^SSS be 
carried out more effectively in the workshop than on site and 
costs can often be reduced by fitting a replacement ^Mst 
r Sm n? Ca Tl° Ut ; Here agahl standardization would help 

for w* ^ thC aUth ° r advocates a standard position 

for terminal blocks on motors, and I support his view that all 
erminal boxes should be of the rotating type. 

Mr. W. Cross (communicated): The author has pointed out 
t 5 a “ fau * ts m . e,ectn cal equipment which are weU known to 
those who fix and maintain them, but are often ignored by manu- 

tioiftfth? W0Ul - d be ai \ advantage if designers would pay atten- 
tion to these points and seek guidance and advice from those 
with experience of fixing and maintenance work 

if H d °ri aVOUr eXpOSed earths > which are often tampered with- 
Jf the earth connections were in terminal boxes or connectors 
.hey could be easily inspected by the maintenance staff. 

I do not think Ihe author’s suggestion for a flexless iron would 
popular with the urers. To carry the flexible cord aSay from 
he iron a spring can be fixed to the flexible about four feet from 
ho.^°£,’ ° ther L Cnd 0f the s P™g attached to the wall 

bout four feet above the table. 

Mr. E. N. Evans (communicated): While I endorse almost all 
expressed in the paper, there are a few further 
-commendations which would help towards ease of maintenance. 

1 rthL dev ! ce ^ incorporated in motor starters 
) dt»n alll three phases of an a.c. supply should one phase fail 
ragouts due to single-phasing would be avoided. With most 
-signs it is almost impossible to. gain access to the back of a 
hfrM w 11 ^ 8 without dismantling the starter; a panel 
^ywitbdraw on rails, or hinged brackets on the 
would partly overcome this difficulty. Iso- 
trng switches should be mterlocked with doors or covers, and 
oyision made for the isolator to be locked in the off position 


2 h6 u by the P ers °n Who would be endangered 
*5“,? power be restored. Circuit diagrams should be cast 
m the hd so as to be always available for inspection. 
tk»l mdUSt ? a1 , 011 switches a simple yet valuable help would be 
ffie fitting of inlet and outlet valves suitable for attachment of 

unite load Rm8 apparatus ’ aI1 °wing oil to be cleaned while 

On main distribution boards, at least one manufacturer extends 
connections to fuses by copper rod to special easy wire terminal 

board S fh Ua f d t either at ,, the t0p or the bottom of the distribution 
board, this feature could well be standardized 

J? hr f: f us f’ ‘he indication of blown fuses is a time-saving 
device which should be incorporated in new designs. 8 

Considerable improvement could be effected in the wiring ar- 
rangement of fluorescent fittings, present practice of some manu¬ 
facturers in using twisted art-silk flex for inter-lampholder wiring 
. leaving much to be desired. S 

arra " gements on Portable hand-lamps require atten¬ 
tion. I do not know of one of the insulated variety in which 
any provision is made for earthing the wire lamp-guard. If a 
amp is broken the filament standards remain charged and often 

poStSX" 6 guard> 80 raising h to a dangerous 

hj^!!. electric C0 .° kerS re< l uire improved heat insulation, some 
space heaters than cookers. Access to fuses should 

ffie b£?t i'w, rath ® r K than the side ’ P^icularly in view of 

dn!,hTi!! ct f ! ^ ’ ^ hlch 1S gammg Popularity and would no 
doubt be standardized in pre-fabricated homes. 

On motors and generators, terminal boxes should be duplicated 
one on each side of the machine, to remove the necessity of the 
large unsupported bend of cable often present with top-mounted 
tS n - Screwed air-gap plugs seem to be called for in 
totally-enclosed machines, the correct air-gap measurement 
be “ g s , tamped on - ^ motor end-plate above the hole. 

W * S ‘ Hunt Communicated): I think it is generafly agreed 

*J a *’ t0 *? duc f maintenance costs, care should be taken in the first 
place 1 H the selection of imsfru’i/l-i-.Al _r-_• 



_ , A . -- ---UUUUI WHICH 

JL““ r operate. Apparatus and plant considered unsatis- 
n „ the mamtenance point of view would normally find 

no market, and the manufacturer would be left with the alternative 
of withdrawing it or making an improvement. As a r ule, main- 

^?“ eerS T accust °med to overcome weak points in 

design and frequently carry out alterations of a minor character 

mutiS t0 ^ UCC ^ tlpie taken u p by Periodical inspections and 
routine mamtenance, and’ to reduce the likelihood of accidents. 
m switches and control gear generally, are too frequently 

SnEZiJS awkward positions without any regard to convenient 
°^ r “ pectl0n and adjustment. Isolating switches are incor¬ 
porated in motor starters by all good manufacturers to-day 
exapt perhaps in the smaller sizes where the cost of a separate 
switch would be prohibitive. separate 

InspKtion of the wiring in war-damaged buildings should give 

at^L?f reSt rif inf< ? rmadon as t0 *0 best type of conduit to use, 
at If 3 ? 1 from the point of view of continuity. Joints which have 
pulled out trough insufficient threading or through not having 
been gripped sufficiently would indicate whether the material^? 
the workmanship was at fault. Udl OT 

I have seen porcelain fuse carriers on which the fuse wire is 
clamped under a non-rotating plate washer; the wire is cut long 
enough to pass under and then bend back over the plate. This 
ehminatw the| stretching andpossible breaking of the fuse wire 
whilst being clamped. Such a clamp could be used in plug tODs 

,mri P Str ^ dS i 0 f thC f ble beillg spread out before being paswd 
irnder ffie plate washer. This method of connecting cable ends 
is adopted m certain small types of starters 
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DRAKE: THE INFLUENCE OF MAINTENANCE REQUIREMENTS ON DESIGN: DISCUSSION 

In industrial plant there surely should be no necessity to use which i think could usefully he improved to Judiiiate stripping 
lubricating oil to the extent suggested in the paper, since, except down for the purpose of replacing hearings, turning slipping* and 
perhaps with fraciional-h.p. motors, ball and roller bearings seem commutators and similar work, are: tui the method of moutging 
to have been universally adopted for some years. In fractional the hearings; \b) the method of ctMUiLVimg-overlumg or outer 
h.p. motors, where oil-soaked pads are used, the amount of oil slip-rings to their rotor loads; (Y.» the varieties of tit applied to 
required is so small that unless more lubricant than is necessary couplings and their shafts, with special reference to the facilities 
has been applied, no inconvenience from oil creeping should arise, for drawing olf and replacing couplings without having to resort 
In the larger types of motors and generators, some features to heavy presses, and hfi the type of key used. 

the author's reply to the above disc ussion 


Mr. H. Drake (in reply): It is impossible in the space available 
to reply to the numerous comments which have been made on 
the paper, and I must therefore coniine myself to the constructive 
proposals which may be of value to the industry. 

Mr. Forbes Jackson suggests that the E.C.A. should draw up 
a list of approved apparatus, while Mr. Brooks favours licensing 
by the but 1 do not think that either of these suggestions 

will entirely meet the case. As long as there is severe competi¬ 
tion in the industry some contractors will always buy at the 
cheapest rates, and it is essential therefore that a higher minimum 
standard should be fixed on the basis of operational experience. 
Requirements, such as that suggested by Mr. Fuke, namely that 
in all apparatus provision must be made for a minimum ratlins 
of'bend for each size and type of cable, would lx: a step in the 
right direction. No doubt other basic principles could also he 
enunciated on the same lines. 

There will always be disagreement over the question of grip 
fittings, and whereas Mr, Forte Jackson*s experience has been 
satisfactory, there is much to Ik* said for the view expressed by 
Mr. Brooks. Many installation engineers are afraid of using 
the grip system because of its inherent disadvantages* for if for 
some reason it is disturbed there is undoubtedly the danger of 
loss of continuity, 

Mr. Forte Jackson’s suggestion with regard to the provision 
of larger boxes and the use of tails to connect accessories is in¬ 
genious and has many advantages. The initial cost should not 
be excessive, and if it became recognized as good practice, or 
better still obligatory, all parties would benefit. 

The general support for a newly designed plug for use with 
the proposed ring-main circuits to be used in post-war housing 
is interesting. It seems clear that the suggestion to up-rate the 
existing 5-amp plug could only result in chaos, quite apart from 
the fact that there would be insufficient space to admit the 
looping of the ring main in the existing standard terminals. 

The mechanical protection for t.r.s.* to which I referred, was 
of course only in positions, such as switch drops, where it would 
be liable to mechanical damage. 

I am, of course, in entire agreement with Mr. Cash that an all- 
insulated system is the ideal at which to aim, but so long as this 
ideal remains incapable of attainment it & surely necessary to do 
the next best thing and make it possible to provide adequate 
earthing. 

Mr. Tucker points out an error in my remarks about fixing 
centres on switches, and I should like to thank him for doing so. 
On farther investigation I find that his statements are correct, f t 
is also true to say that my remarks referred to the breaking 
rapacity of switches and not to their carrying capacity, but the 
function of a switch is to break current, and if it will not do 
this adequately the fact that it will carry the current seems to be 

Y plugs has been discussed so often that 

if would te to enter into further discussion as to their 

iJiarfts or That they can be produced cheaply and that 

they ftm^ in America is beyond question, but 

rawd^ designed oq the lines suggested by Mr. Fuke 


have many advantage* and certainly look b-;iun' and arc more 
robust than many existing tv pcs of flal-pm pbus. It is difficult 
to see Iiow the me of a bush and kvkmw. to which he also 
referred, would assist matter:- when e/.nmeetmg screwed steel 
conduit to small switdt-hows, Fite alignment then would 
depend on the angle of the face to which the bush and lock-nut 
were screwed up, and this might be iu-4 as likely to he out of line 
as the thread used in normal practice to-day, 

Mr. f uke makes many other useful suggestions; that referring 
to the fixing centres for firsehoard* would upjvar to he practical 
and effective. His remarks about interned in ie switches being 
rated considerably Iximv 5 amp, although the base upon which 
they arc mounted ix marked for this cut rent, arc interesting and 
not generally appreciated; as much publicity as possible should 
Ik* given to this potential weakness. 

It is very heartening that multiple earthing and the use of 
single-line concentric wiring receive the backing of Mr. Bernard, 
but I still cannot agree with him or Mr. Rowlands with regard 
to agricultural equipment. Having had considerable experience 
as a practical farmer and as a member of the 'N.F.If',, and having 
carried out many firm installations, 1 am quite satisfied that m 
such installation, at any rate in this generation, will receive 
sufficient care or maintenance, The farmer and his workers 
lack time, and anything which continues to operate is ignored 
until it goes wrong, when emergency repairs of the crudest kind 
are usually resorted to. I still maintain, therefore, that extremely 
robiist apparatus is essential, 

Mr. Mann’s criticisms of industrial switchgear and portable 
apparatus deal more with the safety factor than with mainten¬ 
ance, and in view of this these points were omitted from the 
paper, which was intended to deaf primarily with maintenance. 
The split connector which he recommends for flexible metallic 
tubing meets the difficulty adequately and should become 
standard practice. 

Mr, Cattle mate a number of very valuable suggestions which 
will* I hope, lead to improvements in the design of electrical 
equipment. * 

Finally, I should like Jo endorse very strongly Mr. Hunt’s 
plea that good apparatus should fie installed. Experience has 
shown that it h cheapest in the end, and there is no doubt what¬ 
ever that increased measures of standardization will assist main¬ 
tenance engineers more than any other single foctor. Designers 
should make up their minds whether arty-. ituliyidital piece of 
apparatus is to lie replaced in Mo if trouble develop, or whether 
faulty parts only shall be renewed. In the first case the cheapest* 
simplest, and most robust design is called for* and no provision 
should be made for repair. In the second case easy replacement 
and maintenate must ^ first considerations Designwrt are 
too apt to forget this fundamental distinction and to produce 
apparatus which is neither cheap to replace nor sufficiently 
robust to avoid trouble, and yet so designed that replacements 
are major operations. So much of the apparatus now *oiv the 
market is already good that it should not entaK much effort to 
improve theremainder, and it is hoped that the paper and dis¬ 
cussion may provide the necessary stimulus. 
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SUMMARY 

The paper, after briefly considering previous work done in Great 
Britain, discusses the requirements of a reinforced-concrete trans¬ 
mission-line pole. 

Details are given of experimental poles, with an analysis of results 
of tests to destruction. A graphical method of design is developed 
and sufficient information is provided to enable future work to be 
undertaken on the bases established. An expression is obtained for 
the deflection of a pole under load, and it is shown that deflection 
carfnot be taken as a criterion for proof-test purposes. 

Fabrication arid erection methods are discussed, and the paper con¬ 
cludes with a survey of the advantages and disadvantages of the con¬ 
crete pole, reference being made to a questionnaire issued to a number 
of users in this country. 

(1) INTRODUCTION 

The types of transmission-line support available are:— 

(a) Wood poles. 

(b) Steel tubular poles. 

(c) Reinforced-concrete poles. 

(d) Lattice-steel structures, either of rigid or flexible type. 

0?) Poles of the steel-girder type, either simple or composite in 
• form. 

Under war conditions, the restrictions imposed by difficulties 
of manufacture in this country and of importing from abroad 
make all types of support more difficult to obtain. The decision 
as to which type should be used is affected to the extent that 
economic questions become less important in relation to avail¬ 
ability of supply. 

The most common form of support in peace time is the im¬ 
ported red fir pole (Firms Sylvestris ). Larch and other home¬ 
grown poles have been made available in reasonable quantity, but 
it is unfortunate that the experience with this type of pole erected 
during the last war has been bad, and it would appear possible 
that this experience will be repeated. It seemed obvious that, for 
lines which will continue as part of a network after the war, 
consideration should be given to other alternatives that are 
available. The present paper deals with some of the types of 
# concrete^poles that have been developed. 

(2) GENERAL CONSIDERATIONS 

^ I.; 

Concrete poles had been in use for many years prior to the 
outbreak pf war. They may be divided into two classes, the 
spun type in which the pole is cast centrifugally in a machine, 
and the hand-moulded type in which conventional concrete 
practice is followed. The former mode of manufacture is 
common on the Continent, but has met with little favour in this 
country. Due to the method of casting, the pole is usually, but 
not necessarily, circular in section, equally strong in aU directions, 
and tends to be heavy as compared with the hand-moulded type! 
An example of a transmission line constructed with^ spun poles 
is the C.EJB. lme between Worthing and Brighton. The cost of 
the special plant is high, and a demand has not yet developed 
which justifies tfib installation of equipment at various centres in 

* Transmission Section paper. , f Riley and Neate, Ltd. 
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The alternative hand-moulded pole has been erected in fair 
numbers in this country during the past 12 years. The designs 
generally adopted appear to have been based upon Continental 
practice and to have given, satisfaction, although reference has 
been made by Eve to difficulties due to spalling which has 
occurred. 1 On the Continent this type competes with the cen- 
trifugally-cast pole and is widely used. Under war-time con¬ 
ditions it offers advantages over the machine-made pole, since 
very little special equipment is required. 

It is surprising to note that, compared with the small total 
length of overhead lines constructed with reinforced-concrete 
poles in this country, a considerable volume of research work 
connected with their fabrication and use has already been carried 
out. In 1933, at the instance of the Electricity Commission, the 
E.R.A. published a paper by Morgan. 2 This dealt with the 
practice as then established, and B.S. 607—1935, issued shortly 
afterwards, embodied certain of the recommendations made. 
The primary object of this investigation was to examine the possi¬ 
bility of a relaxation in the factor of safety specified in official 
regulations, and the conclusion reached was that, given adequate 
control during manufacture, a reduction of the factor of safety 
from 3*5 to 2*5 should be permitted, except at crossings, for 
which a figure of 3-Q was recommended. In practice the 
Electricity Commission now permit a factor of safety of 2* 5 for 
all supports, once approval has been given to the design add mode 
of manufacture. 

(2.2) Present Designs 

The design of reinforced-concrete poles, whilst not difficult, 
presents problems which do not occur in the case of the reinforced- 
concrete structures, since, for the latter, the maximum working 
stresses are usually specified by the building authority, and the 
designer is required to satisfy the authority that these maximum 
stresses are not exceeded in the various members of the structure 
under definite specified loadings. .A structure then results which 
should give a useful life without failure under the most severe 
loading and weather conditions which it is estimated it will be 
called upon to withstand. The design of supports, on the other 
hand, is controlled by the Electricity Commissioners’ Regulations, 
which specify that transmission lines shall be capable of with¬ 
standing a defined ultimate load based upon the maximum work¬ 
ing conditions multiplied by the factor of safety approved. These 
regulations specify the ice and wind loadings to be assumed 
acting on the support transverse to the line, and require that in 
the direction of the line the support shall not have less than one- 
quarter of this strength. Furthermore, it is laid down that the 
design must be accompanied by a complete set of calculations for 
approval, or that a pole shall have been tested to demo ns trate 
that it will meet the required ultiinate load. The former method 
has not in the past been altogether satisfactory, since experimental 
data have not yet, in ordinary practice, been correlated with 
design figures under conditions of ultimate loading. It will be 
seen, therefore, that the design problem is to determine the con¬ 
ditions under which the pole will fail, and is thus quite different 
in its nature from the requirements of normal structural engirieer- 
ing. Even the meaning of ^ * is not satiriactdrily defined 

at the present time. Morgm 2 hasproposed ffiat*Tailure”shoul^^^^ 
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PARTICULARS OF CLASS “B" POLES 


Length of pole, ft (D • • • 

28 

30 

32 

34 | 

36 | 

40 

Depth in ground, ft (G) 

5 

5 

6 

6 1 

6 

7 

Breadth at top of pole, in (B).. 

48 

Taper—transverse face, in/ft 


Depth at top of pole, in (Z» 

_ 48 

— 

Taper of longitudinal face .. 

No taper 

Breadth at butt of pole, in (.4) 

5 

Main reinforcing rods (l)-(2) 

4, l n dia. high-tensile steel: no joints 

Auxiliary reinforcing .. 

(3) 

Not required 

Bracing above ground 

(5) 

1 in dia.. mild-steel rods spaced 2 ft 6 in 

Bracing below ground 

(6) 

2, J in dia. mild-steel rods 

(7) 

in dia. mild-steel rods spaced 5 in 

Weight of steelwork, cwt 

21 

U 

24 

28 

JL. 

34 

Total weight of pole, cwt 

104 

iii 

12, 

124 

| 134 

16| 


PARTICULARS OF CLASS “D” POLES 


Length of pole, ft (L) 


Depth in ground, ft (G) •• • • 

Breadth at top of pole, in (B) ,. 

Taper-transverse face, in/ft 
Depth at top of pole, in (Z>) 

Taper of longitudinal face, in/10 ft ., 


Breadth at butt of pole in C A) 


Main high-ten¬ 
sile steel rein¬ 
forcing rods 


Auxiliary high- 
tensile rein- 


(0 


( 2 ) 


(3) 


Length, max. 


Dia, in 


Length, min. 


Dia.* in 


Length, m*n 


Dia., in .. 


Weight of steelwork* cwt 


Total weight of pole, cwt 


32 

~6~ 


34 

6 


3f» | 40 

*.nr 

S t . 

I 

“. 4} 


j 45 

50 

LjZ 1 

8 


No joint# required 
Rod#:—IJ in dia. 


19' r 

~.r 


20' if 


Not required 


w r 

.T" 


25' 0" 


H 


10 ' 0 * 


19' r 

~T~ 


30' 0* 


n 


15' ^ 


Joints , 

(4) 

w 

No joint# required 

§ in da, x Sin high- 
tensile rod welded to 
main rods 

Bracing above ground . *. 

i in dia. mild-steel rod# spaced 2 ft 6 in ^ 

Bracing below ground 

(6) 

2, | in dia. high-tensile steel rod# 

(7) 

i in dia. mild-steel rod# spaced 5 in 




H 


17 


4* 


181 


4* 


2!i 


5| 


m 




30i 


TCAwevKRse 


Class “D” poles. 
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mical arrangements, paiticularly when a small increase in height 
requires the substitution of a larger rod. To a considerable 
degree* the steel areas available are controlled by these fixed 
diameters, although it is possible to fit additional small rods 
alongside the main rods to give a small increase in steel area 
when required. 

For convenience in manufacture it was thought preferable to 
have a complete range of poles of a particular class made 
m one standard shape of mould. The moulds are generally 
arranged to taper both in the transverse and. longitudinal 
directions, the taper being suitable for use with poles up to a 
maximum length determined largely by handling facilities and 
line requirements. 

When the preparation of the first range of designs was com¬ 
menced,. the dimensions at ground level of the most frequently 
used height were fixed to give the required resisting moment 
corresponding to the class loading. The dimensions at the top 
ofjhe pole were then chosen, such that with a suitable taper the 
section at the butt of the maximum length of pole, which was 
assumed to be 55 ft, would not be excessive. In fixing the top 
dimensions of the pole some consideration was also given to the 
maintenance of sufficient strength for local bending when the 
pole was stayed at a level below the pole top. By suitable adjust¬ 
ment of the size of reinforcing rods, a pole was developed which 
was not too unwieldy in the longer lengths and which, at the same 
time, was economical throughout the range. A similar con¬ 
sideration fixed the dimensions of the pole in the longitudinal 
direction. 

(3.1.2) Cost of Manufacture. 

. The manufacturing costs comprise:— 

(a) Standing charges. 

(b) Sand and ballast. 

(c) Cement, 

(d) Steel, 

(<?) Labour, including supervision. 


(3.1.3) Durability. 

The chief factors governing the life of a concrete pole are (a) the 
ability of the concrete to retain its strength, and (b) the protection 
of the steel reinforcement from corrosion. The quality of the 
concrete, its method of mixing, placing and curing, and the 
subsequent handling of the pole before erection are therefore of 
great importance in determining the durability of the finished pole. 

The quality of concrete required can be specified as regards, 
the proportions and quality of cement, sand, gravel and water to 
give a material that has sufficient strength to meet the design re¬ 
quirements, but it is essential that the workmen fabricating the 
poles should be under strict supervision to ensure that the speci¬ 
fied requirements are strictly worked to. This is particularly 
important as regards the amount of water used; this has an im¬ 
portant bearing on both the strength and porosity of the resulting 
concrete. 

The strength of concrete is greatly increased by keeping the 
water/cement ratio to a minimum consistent with a workable 
mix. Any water added in excess of that required by the cement 
to complete the chemical action results in a poorer-quality 
material, since the surplus water, on drying out, leaves minute 
voids in the concrete, so causing a reduction in strength and an 
increase in porosity with a corresponding loss of durability. If 
a dry mix is used it is difficult to ensure that the concrete will be 
well tamped around the steel frame if done by hand, and the use 
of mechanical vibrators has greatly simplified this problem. In 
using mechanical vibration it has been found that when placing 
the concrete, a mix having a water/cement ratio (by weight) as. 
low as 0-45 can be used satisfactorily even under the most diffi¬ 
cult conditions. The amount of concrete cover for the rein¬ 
forcing rods is fixed by the size of the aggregate used. It should 
be such as to allow the free passage of the concrete between the 
mould and the steel bars during placing, with a minimum value 
to ensure adequate protection of the steelwork under erection 
and service conditions. If, during placing of the concrete, the 
steel reinforcing frame becomes displaced, there is a danger of 


___ ... , . the specified cover being reduced, resulting in the possibility of 

fourth and fifth aiv* rwnnndM wey unimportant, whilst the damage during subsequent handling and erection of the pole. 

Sximit 75 V { r T The life of a concrete pole is dependent upon the steelwork 

P ? t 'f / tot ? cost j? 1 ® p °k- , In being protected by the concrete from the effects of moisture «nd 

Si*. k n e f e P Ia ^ our , co t f ,ow *?, form , s used ** chemicals in the atmosphere and in the ground. Any cracks 

assemhlp- «wi * n ? p f es . yp ? P ossl ^ e > ^ nd which may develop owing to handling, and which are sufficiently 

• and .hnu’id h reiI }^ or ? m8 frame should be fabricated to jigs open t0 p reven t autogenous healing, will have a detrimental 
^fdS? d S sunp J[ e as . ls con^n^it with the reqmrements effect. Some care is therefore necessary during handling, 
to he- fdan^kf C P™8 S for pole steelwork is required whilst both the duration and conditions of curing have an im- 

hC , T J °£ y ° f , POl u an u Spec :, al Portant bearing on the durability of the pole, 

conngs should be avoided. The poles should be mechanically 

•handled and loaded, and the handling of reinforcing frames, (3.1.4) Appearance. 

which may themselves be of considerable weight, should also be A reinforced-concrete building can usually be designed to* 
reduced to a minimum by fabricating the frames close to the appear lighter and more graceful than the corresponding brick 
casting floor which, in turn, should be adjacent to the curing structure which it substitutes. The reinforced-concrete pole, on 
bays. * the other hand, is required in place of a wood pole which is. 

The rSinforced-concrete pole, being considerably heavier inherently lighter than the concrete pole. There is a tendency for 
than the wood pole it is designed to replace, usually requires • the concrete pole to appear clumsy by 9 comparison, and a conse- 
special erection methods. Thus the cost of mamifacture is queni need for an appearance of hghffiess combined with 
not the sole consideration^ the lowest possible cost of the strength. Wiffi lhis object in view the first designs were pre¬ 
erected transmission line being the final objective. Experience pared having an I-section, with moulded flutings and corings. ^ 
has prqved that when an economic balance is struck between the Since a diagonal system of bracing was used to cany shear, ' 
laboumquiredin producing the pole, including its raw materials, corings to reduce weight could approximate only to triangular 
and the cost of handling and erection, more favourable results prisms. In the interests of appearance it. was decided to make 
have been obtained*when a judicious increase in the fabrication the corings semicircular^ and a central fluting on either side of 
cost has been allowed. Later designs have resulted in a saving in : the pole was added to produce an effect of lightness and to break, 
form work, and labour costs hi producing^ which ^ ba<i .an appearance 

so counterbalances the cost of the additional steel required, ffiai i ;^Wch was satisfying without appearing clumsy, and pigment / 


reductions in manufacturing costs of 20% and field erection bad be 
cost of 10% were achieved.' : 


concrete, thepole would have 






*5 ■ 
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Table 1 


Pole serial number . • • 

4 • 

5 

6 

7 r 

Date of manufacture .. .. . 

29.2.40 

5.3.40 

11.3.40 

13.3.40 

Main reinforcing bars (high-tensile steel to B.S. 548—1934) 

6—fin dia. 

6—Jin dia. 

6—Jin dia. 

6—Jin dia. 

Method of connecting bracing to main rods . 

Bound 

Welded 

We’ded 

Welded 

Cement used .. . . .... .. 

“Ferrocrete” 

Aluminous 

Fine aggregate . 

Sharp washed river sand 

Coarse aggregate . • • •• 

f-in crushed whinstone 

-Concrete mix.. .. .. .. .. . 

1 : 11 : 2f (by volume) 

Method of placing . . .. .. . • ... •• •• 

Hand 

Vibrated 


Nevertheless, the expense of providing corings and flutings 
represents a very considerable proportion of the total manu¬ 
facturing cost of the pole. The forms are intricate and be¬ 
come worn out after a limited number of uses. Experiments 
have been made with rubber and piaster-of-paris moulding bases 
in place of hard wood, but insufficient progress has been made to 
justify a change in the present moulds. With the Class “B” and 
later Class “D” poles the special mouldings have been omitted 
and the width and depth of the pole reduced at the same time, 
retaining an appearance of lightness which has proved a desirable 
feature in obtaining wayleaves. This solid type of pole has been 
standardized for future work, except the heavier types of 
construction. 

{3.1.5) Foundations. 

In addition to the foregoing considerations which affect the 
design of the pole itself, the question of foundation strength must 
be considered. For poles up to Class “D” the usual kicking 
blocks are satisfactory, but above this rating special foundation 
designs are required. A foundation for the Class “EX” pole 
was produced and has been satisfactorily tested and used in 
service. 

It is not proposed to deal at length with this subject, since 
foundation design is outside the scope of the present paper. In 
general, it is the authors’ view that the foundation should fail 
before the pole, thus resulting in the least possible damage to 
the transmission line as a whole. This is particularly important 
in the longitudinal direction of the line, where loads due to con¬ 
ductor failures may be applied. The longitudinal flexibility of 
the concrete pole is advantageous in assisting the foundation to 
produce equalization of loads in the adjacent spans after failure. 


Four poles were manufactured to this basic design for purposes 
of test. The main particulars are given in Table 1. 

(3.3) Tests of Basic Designs 

The poles detailed in Table 1 were tested on the 28th March, 
1940, in the following manner. 

Two poles were securely bolted together between wood baulks 
over the bottom 6 ft of their length, corresponding to their 
assumed depth of planting in the ground, the major axis of their 
section being in the horizontal plane. In order to avoid points 
of high pressure and to ensure that the reactions over the area 
in contact should approximately correspond to service condi¬ 
tions, the sides of the pole over the lower 6 ft were covered with 
thick felt. The test load was applied by pulling the two poles 
apart at the top, the point of application of the load being 2 if 
from the pole top. Deflections were measured by means of 
theodolites, deflection scales being fitted near the top of the poles. 

Poles Nos. 4 and 5 were tested first. Both poles commenced., 
to fail between the clamping baulks at a load of 3 5001b, the 
deflection of pole 4 being 18|in; at the same load a deflection 
17 in was read for pole 5. 

Poles 6 and 7 were then tested; they both failed between 5 ft 
and 7 ft from the butt. ‘ The test load when failure occurred was 
2 500 lb, the deflection of both poles being 15 in. 

(3.4) Analysis of Tests on Basic Designs 

The results of tests on the experimental poles were analysed 
with the object of determining the stresses in the concrete and 
steel at the point of failure:— 

(a) By the “steel-beam’* theory based on the assumption that 
the main reinforcing steel acts in a similar manner to the tensioif 


. . (3.2) Basic Designs 

As mentioned in Section 2.2, the first poles fabricated were 
•of an experimental nature. The basic design was for a 36-ft 
pole and the method used was similar to that for a reinforced- 
concrete beam having steel on both , the tension and compression 
asides of the neutral axis. 

A number of calculations were made, using various sizes of 
remforcing bars, the section of the pole being adjusted to give 
the required resisting moment corresponding to the loading. 
The outline finally‘decided upon is shown in Fig. 1, the pole 
being of H-section above ground level, and the web being cored 
i^| Semi<Srfeles in order to reduce the weight and give a pleasing 
aj^pearance to die pole. Light steel bracing rods were provided 
iO>take the sheair Idad,4;^Wbw ground level the section of the 
. pole was of U.-form in order £o accommodate the additional 
bracing required to withstand the heavy local sheaf due to ground 
^reactions. ■ , - ' 

V '.-V r; ^ 


Table 2 





Method (<a) 


Method (b) 


Pole serial 
numbers 

Load st 
failure 

Stress in 
steel 

value of 
m 

Stress in 
steel 

Stress in 
concrete 

\ 

lb V 

tons/in* 

15 

tons/in* 

26*4 

Ib/in* 

3 010 

4 and 5 

3,500 

26 10 

v. 13 

26*3 

* • 

,3-300 




■ n 

26*2 

■ * 

3 670 





25*6 J 

2 620 

6 and 7 

2 500 ; 

25*40 

13; - 

«5-6 

2 870 

.:' ,T;/. 



u 

25*5 . 

3150 










imlm 






■mm 
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In this method 


and compression flanges of a rolled-steel joist, 
the stress in the concrete is ignored. 

(b) normal design methods, allowance being made for the 
compression in the concrete assisting the steel on the com¬ 
pression side of the neutral axis. For this investigation the value 
of the modular ratio m was taken as 15, but the stresses in the 
steel and concrete for modular ratios of 13 and 11 are also given 
in Table 2, from which it will be seen that the effect on the steel 
stress of variation in the modular ratio is negligible. 

The close agreement obtained for the stress in the steel by the 
two methods of analysis was noted and an examination was 
later made as to the limitations of method (a) for purposes of 
rapidly determining the approximate strength of new designs. 

The above results show :hat the steel stress corresponding to 
the ultimate strength of the pole is approximately 26 tons/in 2 , 
which corresponds to the yield stress of the high-tensile steel u s ed 
for the main reinforcing rods. Steel manufacturers’ test-report 
sheets give figures slightly in excess of 25 tons/in 2 and this stress 
has been adopted as a basis for all later designs, producing a 
slightly conservative design. 

(3.5) Derivation of Charts* 

The resisting moment given by the “steel-beam” theory is 
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and the final results obtained by the use of this formula are 
sufficiently accurate for practical purposes. 

Equation (4) can be further reduced to 

50Z 

. . . - (5) 


P = 


m 


<a 


0 


That is, for a given value of the modularratio and the percentage 
reinforcement, the value of the neutral axis factor can be deter¬ 
mined. 

Curves connecting P and X for a modular ratio of 15 are shown 
m Fig. 3. 

The ratio between the tensile stress in the steel and the maxi¬ 
mum compressive stress in the concrete is given by 


't-G-0 


( 6 ) 


R =f,?(d-2a) 


( 1 ) 


If allowance is made for the effect of the concrete taking part 
of the compression the above equation for a rectangular beam 
becomes 


* 2d) 


a) 


( 2 ) 


In preparing the final design this ratio must be determined in 
order to ascertain whether the steel stress or the concrete stress 
governs the design. A family of curves connecting F and X for 
various values of D is given in Fig. 3 for a modular ratio of 15. 

(3.6) Application of the Charts to a Typical Design 

The method of application of the curves described in Section 3.5 
is demonstrated by the following example, which shows the 
method adopted in preparing the design of the 36-ft Class 
“D” pole. 

The pole is required to carry an ultimate load of 2 5001b 
applied 2 ft from the top of the pole, the upper kicking-block 
being 31 ft 6 in from the top. 

— 73 750 lb-ft 
= 11*41 in 
:= 5*34 in 
,= 56 0001b/in2 
= 3 6001b/in2 
(assumed) 

= 15 (say) 

= 1*375 in 


Ultimate transverse resisting moment required 
Depth of section (standard mould), d 
Breadth of section (standard mould), b 
Ultimate yield stress in steel, f t .. 
Ultimate yield stress in concrete, f c .. 

Modular ratio,- m .. .. ;. 

Embedment depth, a ., .. .. ..' 


The total area of steel required, based on the “steel beam’^ 
theory, i.e. equation (1) of Section 3.5, to give a resisting moment 
R of 73 750 lb-ft is , 

24R , 2 ■.-.■-.v 

f,(d- 2a\ m ~ 3 ' 65 ,n 


i f£ x ( x 
24 \3 

The second term of the right-hand side of this equation is the 
correction due to the centre of resistance of the concrete not 
coinciding with the centre of the compression steel. If x/3 is 
equal to a the second term of equation ( 2 ) becomes zero and the 
resisting moment given by the “steel beam” theory is correct, 
providing the width of the beam is such that the steel and not 
the concrete stress governs the design. 

In the case of the experimental poles, as the value of m is re¬ 
duced the value of (x/3 a) approaches zero, thus explaining 
the closer agreement between the steel stresses for the smaller 
values of m. 

The “steel beam” theory thus gives results that are sufficiently 
accurate, with poles of nprmal section, to enable a rapid investiga- Allowing 4— 1 | in rods, A — 3*98 in 2 

tion to be made of new designs, and, using equation ( 1 ), curves # 

of resisting moments were plotted for various bar diameters and 1116 stress m the concrete of 3 300 lb/in 2 is less than the ulti- 
depth of section. A steel stress of 25 tons/in 2 was assumed with stress . assumed f° r design. The design is therefore fixed 

anoncrete cover of f in as given by B.S. 607—1935. by th ® steel ? tress and no further correction to the resisting mo- 

Whilst the “steel beam” theory gives a useful guide to the bar [ e( l uired * , 

diameters and depth of section required for a given resisting .. Calculatlons m that the pole wiU fail under an appHed 

moment, it is necessary to investigate both the stress in the con- Ending moment of 79 727 lb-ft, equivalent to a load of 2 700 lb 

Crete and also its effect on the lever arm of the resisting moment, actl j*£ tbe P°k-top.. The pole under test failed at a 

before the design can be completed. load of 2 800 lb, and an analysis of the stresses in the concrete 

The position of the neutral axis relative to the compression and steel at this load is given in Section 3.8. v 

face of the concrete x is given by The first calculation for longitudinal strength gives a stressJn 

the concrete in excess of the assumed maximum permissible, and 
corrections are applied accordingly (see Table 4). 

The resisting moment of 20 800 lb-ft given by the above cal¬ 
culation corresponds to an ultimate load of 705 lb at 2 ft from 
the pole-top, which is in excess of the required load of one-quarter 
of the transverse load. 


k-S)-:£i+m£) ■ ■ ■ M 


This equation makes allowance for the loss of concrete area on 
the compression side bf the neutral atxis due to the compression 
steel. If allowance is riot made for this loss of area equation (3) 
reduces„to* 

■ 4 , d ^ bx 2 

2 2mA 

* The symbols employed are given in Appendix 9.1. : 

-v-. & r- 


lArX' 


_ __ _ _ _ (3.7) Tests of New Designs ; -yz *' - 

(A\ -A pair of 36-ft poles of each class to the new designs referred 
' * tolm- ^c^ibh^2.2 wer& fabricated and tested in a similar manner 
except as regards the way in which the 



. , ■ k *' • ' \ . . •. 
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r 33 34. i<5 jo 37 3d 39 40 



“ 4 . ' 5 <& 7 

PEgCEMTASE ggiMPrO^CgM^NI T ' 

Fig. 3.—Reinforced-concrete pole design.. Curves of neutral-axis factors and stress ratios, based on modular ratio m = 15. 

Table 4 

Longitudinal Strength Calculation 


Table 3 

Transverse Strength Calculation 


Resisting moment by “steel beam” theory 

= f'T4 {d ~ 2a > — •• - • •— 

80 400 lb-ft 

W r ' 1CKM y> 

Percentage reinforcement — - jj- = r .... 

653% 

• «;. 

Value of X .. .. .. •• *• 

0-4128* 

Distance of NA from compression face — Xd = x 

4*71 in 

Depth ratio = 


■=-pir ' ..... ... 

0*878 

Ratio of stress in steel to stress in concrete -f t lf c =F 

16*95* 

Stress in concrete ~ f t [F ~ /c ., • > - -v- 

3 300 lb/in 2 

. v ; V '' .V* • • \V r ’.. •. 

jCorrectionmoment(negative) — — a ) 

673 lb-ft 

Corrected resisting moment for/ c = 3 300 lb/in2 

79 727 lb-ft 


Resisting moment by “steel beam” theory 

•• •• •* •• 

24100 lb-ft - 

. 100 A n 

Percentage reinforcement =. -gj- “ " 

6-53% 

Value of X .. .. .. .. .. 

„ 0-4128* 

__— 

Distance of NA from compression face «= Xb — x 

2*21 in 

Depth ratio — . ~ D.. .. . . • • 

0-742 

Ratio of stress in steel to stress in concrete ~ f t lf e = F. 

11-88* 

Stress in concrete * fJF~ f c 

4 720 Ib/in 2 

f c dx(x \ 

Correction moment (positive) = — "“5 ) 

3 *70 lb-ft 

Corrected resisting moment for/* = 4 720 lb/in2 .. 

27 270 lb-ft 

Corrected resisting moment for/ c «• 3 600 lb/in|. .. 

20 800 lb-ft 


■ * Factors marked with au asterisk are obtained from the curves (Fig. 3) described in * Factors marked with an asterisk are obtained from the curves (Fig. 3) described in 
Section.3,5. • • 1 - • - Section 3.5. : .. 
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Table 5 




Load 2 ft from pole top at failure, lb 

.. 

— 

1 596 

— 

2 800 

Deflection at pole top at failure, in 


(24) 

27 

(22) 

23 


butts of the poles were bolted together. The tests on the basic 
designs had shown that fitting thick felt between the poles over 
the lower 6 ft did not correspond to normal working conditions, 
especially if kicking-blocks were used. The new designs were 
therefore tested by clamping the poles together only at the level 
corresponding to the top kicking-block. A timber packing- 
piece was fitted between the butts of the poles to correspond to 
the bottom kicking-block. With this layout the butts of the 
poles were subjected to heavier shear loads and were designed 
accordingly. 

The results of these tests are given in Table 5. 

Poles 618 and 624 failed at the top fixing clamp owing to 
the yield of the main reinforcing bars. 

Compression tests were carried out on 6-in cubes manufactured 
from the same concrete mix as the above poles, with the results 
shown in Table 6. 

Table 6 


Date of test .. 

11.4.42 

Pole serial number 

616 

618 

623 

624 

Temperature during casting, °F 

40 

40 

52 

52 

Breaking load, lb/in2 .. 

3 860 

4 915 

4170 

3 755 


(3.8) Analysis of Tests on New Designs 

(3.8.1) Stresses at Failure. 

The results of the tests on the new designs were analysed in 
order to obtain the stresses in the steel and concrete when failure 
occurred. These stresses are given in Table 7, the methods re¬ 
ferred to being those given in Section 3.4. % 

(3.8.2) Deflection. 

The’calculation of the deflection of a reinforced-concrete pole, 
owing to its composite nature, and also owing to the section not 
being gniforrp throughout its length, is not amenable to the usual 
methods. The method given in the Appendix was evolved to 
compare the calculated with the measured deflection. 

The only unknown factor in equation (9) of the Appendix is 
the *vatue of m, the modular ratio of the steel and concrete. 
Four values of*this ratio were therefore assumed, and the de¬ 
flection for a Class “D” pole calculated under an applied load 
of 2 800 lb; the results are given in Table 8. 

Vol. 91, Part II. 


The deflection given in Table 8 includes a correction for the 
reading being taken at 19 in above the applied load. 

The actual measured deflection of the pole under test was 23 in. 
It is of interest to note from the above deflection analysis that 
the value of m does not appear greatly to influence the deflection 


Table 7 



of the pole under test, and since the modular ratio varies inversely 
as the strength of the concrete the deflection reading of a pole 
under test does not give a true indication of the quality of the 
concrete used in its manufacture. Even if it is assumed that the 
concrete has zero modulus of elasticity and thus is incapable of 


Tables 


Value of m V. 

9 , 


13 

15 

Calculated deflection, in .. 

22 *8 

23-5 

24-1 

24-7 

< 


taking any compression due to strain, the deflection is only in¬ 
creased to 29'9 in. In this extreme case all the compression is 
assumed to be taken by the steel reinforcement on the com¬ 
pression side of the neutral axis, the concrete acting only as a 
meabafepf^resigning the steel under compression. These condi¬ 
tions ate brought about by the pole being equally reinforced on 
bothi ^sides of theneutral axis. ' 


23 
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A further point of interest regarding the deflection of rein- 
forced-concrete poles is that for a given load the same deflection 
is obtained using equal areas of either mild or high-tensile steel, 
providing the stress in the mild steel does not exceed its yield 
point. This is because both qualities of steel have the same 
coefficient of elasticity. 

It would appear that within the stress limits specified the de¬ 
flection of a pole, fabricated with mild-steel rods and using low- 
grade concrete, would not vary greatly from that of a similar 
pole using high-tensile steel and high-grade concrete, and that 
deflection under proof-test loads cannot be taken as a criterion of 
performance and uniformity of manufacture. 

(3.9) Stayed Poles 

At angle and terminal positions the present practice is to use 
suitably stayed standard intermediate poles either singly or as 
H-poles. This is an outcome of wood-pole practice, but 
theoretically it would appear more satisfactory to use specially 
designed poles. The straight-line pole is designed as a canti¬ 
lever, and the ratio of transverse to longitudinal strength at 
ground level may be as great as 4 :1. When such a pole is used 
at a stayed position its resistance to crippling in its weaker 
direction is low, due to its relatively small depth. 

A more satisfactory pole would be of square section, as it 
would be equally strong in both directions. The pole would be 
tapered from its mid-point towards both top and bottom, in order 
to reduce weight. 

Experimental work by Thomas 4 has established that the 
ultimate strength of a short column is given by 

W c = 0'65u(bd — A) + f y A . ... (7) 

Additional strength may be claimed if allowance for spiral rein¬ 
forcement be made, but failure in long struts will occur by 
buckling and not by bursting, and it is doubtful, therefore, 
whether the addition should be allowed. 

The design problem resolves itself into dividing the above 
ultimate strength by Rankine’s correction, 



soever except stiffening pieces to retain the frame m shape while 
the pole is cast. The frame is fabricated under cover in the 
assembly shed on benches fitted with jigs, electrical welding being 
used throughout. The assembly shed has been arranged to have 
an open front over its full length of 60 ft, the frames, if heavy, * 
being allowed to slide on skid boards on to the casting floor. 
The efficiency of the welds is not of importance in the finished 
production, except for the jointing of main reinforcing bars. 
These must be jointed in certain cases since the maximum 
economical length of rod available is 36-40 ft. In the heavier 
designs of poles the use of bars of large section over the full 
length of 36 ft was found to be uneconomical, and short addi¬ 
tional bars have been welded into place over the section carrying 
a maximum bending moment. A typical arrangement is shown 
in Fig. 3. 

(4.3) Fabrication of the Complete Pole 

Owing to the shortage of steel, timber moulds have been used 
throughout; each has been designed to be suitable for a range'of 
pole lengths. The timber used is the ordinary grade of im¬ 
ported soft wood available, but hardwood inserts have been used 
for the semicircular shaping pieces. The frame is located in the 
mould by means of small pre-cast concrete buttons. 

It has proved to be necessary to mix the concrete by hand. 
Tests have been made with concrete mixers of various designs, 
but in all cases, in order to obtain high-quality concrete, the low 
water/cement ratio required has caused the concrete to “ball” 
in the mixer, making it impossible to discharge it. Hand-mixed 
concrete is placed in the mould while the latter is vibrated. A 
standard 6-in test cube is taken for each pole cast and a technical 
record sheet is entered giving details of temperature and other 
conditions occurring during fabrication. The pole remains in r 
the mould for 24 hours or more, after which time the top and 
sides are stripped and curing proceeds in the normal way, the 
concrete being kept moist. 

The output with 7 men is 4 poles per day, and this has proved 
more than adequate for the demands made on the works. In 
off-times accessories of various types are made, stock maxima 
having been fixed in accordance with experience gained. 

(5) ERECTION METHODS 


where e — h/(iAQ and k is the radius of gyration of the equiva¬ 
lent concrete section about an axis normal to the direction of 
buckling. 

The calculated strength thus obtained gives results which prove 
satisfactory in service, but more experimental, work will be 
necessary before exact results can be predicted by calculation. 

(4) FABRICATION 
(4.1) Works Arrangement 

The cost of handling materials in the works has been reduced 
to a minimum. Steel frames are assembled in a shed close to 
the casting floor, the stock bars being on either side of the 
assembly shed. Small miscellaneous bending operations are 
earn a shed at the end of the yard. Sand and ballast 

are delivered to bins by means of tipping lorries, and concrete is 
mixed inimediately in front of the bins. The poles are cast on a 
floor haying a slight incline that aids man-handling by means of 
bogies to the curing bay'under a gantry, by means of which they 
are stacked and later loaded on. to the road transport vehicles 
for delivery either to station or to site. , 

(4.2) Fabrication of the Steel v.’’*- 

Th® st# frames used in the poles are of two' types, one re¬ 
quiring diagonal bracing and the other having no bracing what¬ 


(5.1) Delivery 

Delivery for short distances is usually made by road transport 
by means of a special trailer drawn by a normal 2-ton lorry. 
Shorter poles are transported by lorry without the trailer, in a 
similar fashion to ordinary wood poles. In England, with its 
narrow entrances to fields, some difficulty is met in taking the 
poles direct to site by means of the trailer, and usually a trans- « 
shipment has to be made on the roadside. 

For longer distances poles have been despatched by rail, and 
so far no breakages due to handling by the railway company 
have been recorded. 

' (5.2) Erection in the Field 

The reinforced-concrete pole weighs nearly double the wood 
pole it replaces. For the lighter and shorter poles the normal 
methods used for wood poles suffice, but for longer poles, more 
especially the heavier classes, special erection methods are re¬ 
quired. The upper limit of erection by means of ladders or 
pikes is approximately 20 cwt, including top hamper, although 
determined foremen with reliable erection gangs frequently lift 
heavier poles than this. The alternative methods for heavy poles 
is the use of the standing and falling derrick. There seems to be 
a general preference for the standing derrick* as the pole is 
handled with greater certainty, and difficulty is not encountered 
in sliding the butt down the skid-board; 
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(6) CONCLUSION 

(6.1) Past and Present Practice in this Country 

Wood poles for transmission lines are generally available in 
the three classes laid down in the British Standard Specification. 
Poles of other heights and diameters tend to prove uneconomical, 
since higher prices are charged by the manufacturers for altering 
standard stock sizes. Transmission-line estimates have therefore 
tended to be. based upon the ranges of poles available, and* this, 
in turn, has tended to fix span lengths. It would seem that 
undertakings considering using reinforced-concrete poles have, 
in the past, regarded them as suitable substitutes for wood poles, 
without taking into consideration the desirability of modifying 
the normal span of the line to take advantage of the relative 
cheapness of the heavier types of concrete poles. In pre-war 
days reinforced poles could not compete on these terms, except 
very occasionally in the case of steel-cored aluminium lines em¬ 
ploying long spans. Spun-type reinforced-concrete poles have 
scarcely been used in this country. In pre-war days only one com¬ 
pany appears to have offered hand-moulded poles, and the first 
5 columns of Table 9 (referred to below) deal with poles manu¬ 
factured and supplied by this company. B.S. 607—1935 has 
followed the practice of creating classes comparable with the 
corresponding wood pole, a Class “B” pole being the equivalent 
of a medium wood pole, and Class “D” of a stout wood pole. 
The various other classes legislated for give a wider range of 
choice in concrete than in wood, and Table 1 of the Specification 
probably meets all normal requirements. Table 9 of this paper 
gives replies to a questionnaire which was circulated to those 
undertakings known to have used hand-moulded reinforced- 
concrete poles. The total route length erected, as already 
♦observed, is remarkably small in relation to the large amount 
of work that has been done on this subject. 

Three different modes of earthing the steelwork are shown as 
being in use, and no trouble appears to have been experienced 
with any of the systems. The use of kicking-blocks and foot 
blocks at foundations is largely a matter of foundation design 
and does not call for any special comment, except that, as the 
reinforced-concrete pole has a relatively small base area, it would 
be expected that a fpot block would be used in all cases at angle 
and terminal positions, except in rock and rocky soil. 

The economic length of the reinforced-concrete pole would 
appear to be limited at present to 60 ft, but there is no reason why 
longer poles should not be fabricated, provided there is a de¬ 
mand. A remarkably small number of failures have been re¬ 
ported and this, in view of the 4:1 transverse/longitudinal 
strength ratio, must be regarded as satisfactory. There is 
# general agreement that the greater height of the concrete pole 
is regarded as an important factor in the post of a transmission 
line. In a recent investigation of a 3-phase transmission line, 
having 0 • 10 in 2 copper conductors, without continuous earth-wire, 
8 miles in length over normal rolling country in Yorkshire, it was 
estimated that the additional cost of supply of concrete poles 
would be £71 per mile, and the estimated increase in erection 
cost would be £13 per mile. These figures may be taken as 
fairly representative for any part of the country when heavy rail 
charges do not have to be met. No final estimate of the life of 
a concrete pole appears to have been reached, and it is interesting 
to se^ Jhat there is no report in the replies received of spalling 
of the concrete from the reinforcing rods. 

In a number of cases complaints are made that insufficient 
corings are allowed. Fig. 4 shows the corings standardized in 
one ^rea of the country, and in order to achieve this standardiza¬ 
tion a complete se-design was necessary of most of the standard 
ironwork used by the undertaking. The authors suggest that 
the standardization of corings should be attempted for the 


country as a whole, following the lines of the recent paper by 
WiEott Taylor and May. 5 

(6.2) Relative Advantages and Disadvantages of Concrete Poles 

As with all products used commercially, the. final justification 
for the concrete pole is a question of economics. In the past its 
advantage over the wood pole has never been very apparent, 
and this has been accentuated by the tendency to regard the 
pole as being suitable for direct substitution for the corresponding 
wood pole. 

(6.2.1) Advantages. 

It is claimed that maintenance is lower since little deterioration 
is to be expected. This claim holds good only if the concrete is 
of a dense character, such that moisture will not penetrate to the 
reinforcing rods. A cursory inspection of reinforced-concrete 
posts used extensively by the railway companies to fence their 
property will show that spalling does occur, largely owing to cor¬ 
rosion of steel, with a consequent bursting of the concrete around 
reinforcing rods. The solution to this, apart from the careful 
control.of fabrication, may be to use one of the many proprietory 
brands of concrete sealing products which are now available. 

It is claimed that, as reinforced-concrete poles are fabricated, 
a better control can be maintained of the quality. Against this 
must be borne in mind that the factor of safety of transmission- 
line poles has been reduced from 3*5 to 2-5’and that, therefore 
this claim must be discounted to at least a limited extent. 

Long wood poles are difficult to obtain and are very dear. 
As already mentioned, this has tended to affect transmission-line 
design. Reinforced-concrete poles are relatively cheaper in the 
long lengths and, indeed, under present conditions are definitely 
cheaper. Under extreme conditions wood poles are likely to 
fail by breaking in the region of the ground-level section. The 
reinforced-concrete pole does not fracture completely and, even 
after the pole has failed so far as normal service is concerned, an 
emergency supply can be maintained on poles which have failed 
and require later replacement. Amenity advantages from a way- 
leave point of view can be claimed for the reinforced-concrete 
pole, and these advantages may well be enhanced if coloured 
concrete be used. There appears to be no danger of insect or 
bird action. 

(6.2.2) Disadvantages. 

The poles are much heavier than wood poles and, consequently, 
more expensive both to transport and to erect. They are not 
adaptable when line modifications are required, and tend, in 
effect, to be suitable only for important trunk lines. 

They are difficult to use at special positions, owing to the need 
for ordering poles with additional corings which have to be fabri¬ 
cated to suit. The poles are more liable to damage in the event 
of conductor failure, owing to the 4:1 transverse/longitudinal 
strength ratio, and they are not well adapted to withstanding 
torsion loading. They have a negligible second-hand value. 

(6.3) Possibilities of Future Use 

It would appear that the reinforced-concrete pole will prove 
♦suitable only for use on heavy types of construction. Special 
foundations will, however, be required, involving a fairly high 
field cost in the placing of concrete by hand after the pole has 
^b^^ered^.; - 

It is interesting to note that certain accessories are now being 
fabricated at a lower cost than the corresponding wood article. 
This remark applies particularly to stay-blocks. 

Present conditions are, howeverj larg^ art^al, and it^ 
difficult to forecast what will occur when more normal conditions 
returned. Wdod poles hiave the advantage that large stocks 





it: 


! 


NEATE AND BOWLING: REINFORCED-CONCRETE TRANSMISSION LINE SUPPORTS 




I&j 

t3«M 
7 o - 

W 


T) 

S-&3 

§3 

r 

§ia 

52 u 

Us. 


>> 
ci o, 

§ §■& 
“5g, 

« f 

|S8 

s 


iS 


> s 




1 1 

m ^ 

•>> u 

§ 

J3 « 
8 S 
w Z 


C8 

t 

I: 


vo 

CO 


J3 '2 

3 ,*s ®* 
la-gs-s 
IJIS 

|«S-3 


. 3P bO^ 

f I SI'S 

« S3.P 8 


o 

o 

ft 

.a 


it 


i 


’d-o 

<D <D 

S5 

Wv« 


<d o 
d d 

o o 


O O 

ft d 

1* 

8 

< 


Ss 

£8 
A. q 


Q d) 

d d 

o o 

£ £ 


o a> 

a a 

o o 
55 55 


8 8 

o o 

55 £ 


T3 

8 

a js 

u o 

ft 

8 o § 

£52 

4h A< 
O 

: 2?<i> 

IS 

i2S 


& 

> 

“I 

zi 


l| 


d 

as 

<d 

d ^ 

*?s 
il* i2 

.8 § S 


S g 

* s 

S l 

0*0 

s 


O -M 

5 o 

ft 


J 


a 


^5 bfl O 
Soft 
a * a 
M t5 2 


&1 

«g 


CD CD 

a a 

z I 


1 


1 



1. 

Si 


I 


_ O 

§S 

in .3 


§*-£ 

'•i-r 


</)<a 


.a 

*d 


8 

a a 

4-> u o <d 

Is gi 


ccs a> 
as a* 

51 

a w 

flD 4) 
‘o fl 

s § 

P s> 
*>.>; 
O & 
£2 


|2 

S- 

ft 

a & 

i«.§ 

o d fc 

j-.S SC 

lis 


<c 


g;2 

<’p 


3 cd S ^ 

s!l| 

JD !fl q2 

®« 3 

S® J 

>^0 2 ^ T3 

■SoS O a> 

sa&sgg 

U‘5S as-ft ft 


<tf 

*§ 

& 

sf 

At O 



•gijeijg 

^•2 S o 

"0^2 ^ ft 


* 0,2 u ft 

Si'S- 

oS. J 1 


o £ 

'o o 


ft ^ to p 3 

“ * 


2 3 

** . a * 

£ 8 - 2 . 


3 m 

<D *- 

118*1 
p o 8 a 

£2-5 <2 .a 


SI-a 

«5i 


§- 9 

is 

I! 

II 

hi cr 

°.Ic 


o ° 
"S 2? 
fl-S-8 


1 

I 


m 


to 

I 

>% 

<D 

1 


> ft 

5 8 

xi S 6 
w 


2g« 
• a 2« 
l-s? 
8SI 

I § 

i§s 





is 

rfl 


24 ^ 

P 2 

Us 

If! ■ 

a-S § 

£?8g 

! , s § ‘i 

!*l! 



6lsl 


o 


m 

*C? <+* CD 

§°*3 

.e 2J5« 
2 5 

« o i 8 

ini 













NEATE AND BOWLING: REINFORCED-CONCRETE TRANSMISSION LINE SUPPORTS 

kill itrir-6- nti— —it—L 


Length Depth D 

of pole in ground 

ft ft 

32, 34, 36 6 

— - - 

45, 50, 55 8 


Length 

Depth D 

of pole 

in ground 

ft 

ft 

32, 34, 36 

6*5 

40 

7 

45,50, 55 

8 


"TRAMSVERSE 

FACS. 


PACK. 


PACE. 


L<SM<Sp 

PACE. 


©INGLE-MEMBER POLES. 


W POLES. 


Notes, 

1. All holes suitable for f in dia. bolts. 

2. Holes shown thus are common to all pole lengths. 

3. Holes shown thus <•> are to take trussing tackle, their number and 
m position for various pole lengths being in accordance with the Table 

on right. 


Fig. 4.—Typical standard corings* 


Length of 
pole 

: .ft 

28, 32,34 


No. of sets 
of tackle 


Position of 
cored holes 


A, B 
A, B, C 
A,B,C,D 
A, B,C,JD, E 
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can be accumulated at the suppliers’ works, and these can be 
drawn upon at very short notice. Reinforced-concrete poles can 
be handled in a comparable manner, only if standard bolt-hole 
corings are adopted. . 

At the present time the possibilities of improvement of design 
are limited by the special steels available. If a steel could be 
produced having a yield point of the order of double that of the 
present high-tensile commercial steel, the weight of the reinforced- 
concrete pole could be reduced to compare with the corresponding 
wood pole. Special steels will probably be available after the 
war, and it will then be possible to approach the whole problem 
afresh with the certain expectation of producing a really satis¬ 
factory design. Until then the full possibilities of using the 
available strength in the concrete will not have been realized. 
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(9) APPENDIX 
(9.1) Symbols 

A = total area of four main reinforcing bars (assumed of equal 
area). 

b == breadth of section. 
d — depth of section;. 

P =*= percentage reinforcement = 100AI(bd). 
a — embedment depth of main reinforcing. 

D = depth ratio = (d — a)/d. 

E € =* modulus of elasticity of steel. 

E c — modulus of elasticity of concrete. 
w== modular 3^o — 
f t = tensile stress in steel/ 

/«* = maximum compressive stress in concrete. 

F = stress ratio =/,//<.. 

x ~= distance of neutral axis from compression face. 

X = neutral axis factor = x[d. • r, 
t = distance from neutral axis to tensile reinforcing. 
c = distance frommeutral axis to compressive reinforcing. 

■ W = applied load. , ’••• -;yy;-;- •••’: ' 

M = bending moment due to applied load. 

R = resisting moment of beam. - 
X == distance of applied load from groiind te^ 
l — dj^apioefrom gropnd level to section under consideration/ 


p = radius of curvature of pole at section under consideration. 
W c = ultimate axial compressive load. 
u = cube strength of concrete. f 

f == yield point stress of steel. 

* C = constant determined by the fixity of the ends of column. 


“Neutral Axis 




Neutral Axi$ 

i i 

i i 




Fig. 5.—Method of calculating deflection of reinforced- 
concrete pole. 

(9.2) Method of Calculating Deflection of Reinforced-Concrete 

Pole 

In Fig. 5 let S/ be the increase in length per unit length of the 
main tensile steel due to stress f t at distance / above ground. 

* 

Then S/=4 


_f,fbxS A 
== 7L3^' r 2 U 

f 

Substituting in (8) above for — we obtain 


E s \ bx$ 


At 2 +c2) 


The deflection at the point of application of the load is 


M2 + C 2) 


An approximate value of the above integral can be obtained by 
the use of Simpson’s rule. 

Let '.- 7 '■ "V — -r- -have the value Z x at ground level 

[£ + i ( ' i+c! >] 

andZ 2 at a point mid-way between ground level and the applied 
.load. >-y 


Then equation (9) becomes: 

L 2 

Vo-yy 6 e , 


(Z, + 2 Z 2 ) 
























NEATE AND BOWLING: REINFORCED-CONCRETE TRANSMISSION LINE SUPPORTS: DISCUSSION* 355 
'DISCUSSION BEFORE THE TRANSMISSION SECTION, 8TH MARCH, 1944 


Mr % C. O. Boyse: This excellent paper draws attention to some 
of the pitfalls which await the unwary maker of concrete poles. 
In particular, the authors have rightly emphasized the vital im¬ 
portance of knowing the ultimate strength of a pole, the calcula¬ 
tion of which needs to be checked by type tests. 

The authors suggest a definition of failure to replace that in 
B.S. 607, which is now under review, whereas I think the follow¬ 
ing is to be preferred: “Failure is defined as the condition when 
the pole ceases to function in the designed manner, due to per¬ 
manent stretching of the reinforcing rods in any part of the pole 
or to failure of the concrete on the compression side of the pole. 
This condition is reached when permanent set begins to show 
marked disproportionate increase with load.” 

The control of quality in bulk manufacture is the most difficult 
problem of ail owing to the nature of the product. The authors 
emphasize the need for strict supervision in the works, and they 
realize that faults in manufacture cannot easily be detected after¬ 
wards. In consequence, they rightly criticize the programme of 
routine tests in the present B.S. 607. As we now know, the de¬ 
flections of concrete poles under proof tests are not related to 
the actual ultimate strengths of the poles. Consequently, 
although we must agree that routine tests on selected poles are 1 
desirable in the interests of both the maker and the user, it is not 
easy to see how the results of these tests should be interpreted. 

It has been proposed that, amongst other changes in B.S. 607, 
the present routine tests should be abandoned in favour of proof 
tests up to 60% of the ultimate strength of the poles, carried out 
on 10 % of each batch. Provided that any hair cracks that appear 
during these tests clearly close up when the loads are removed, 

* the poles shall be deemed to have passed the test. It is also sug¬ 
gested that deflection readings should be taken during the tests for 
the purpose of record, on the assumption that these readings will 
eventually add to our knowledge of concrete-pole performance 
under load. It is realized that this proof-test routine is open to 
criticism, and it is possible that the authors may be able to suggest 
a more satisfactory procedure. 

On the question of weights it is interesting to consider the 
amount of steel required in concrete poles. Talcing as an 
example the 40-ft Class “EX” pole referred to in Fig. 1, this 
weighs 26|cwt and includes 6Jcwt of steel. A light lattice 
steel pole of the same strength and length would weigh just over 
7J cwt. Similarly, a 45-ft Class “D” pole as shown in Fig. 2 
weighs 25J cwt and contains 5| cwt of steel. The corresponding 
lattice steel pole of the same strength weighs 7| cwt. It is there¬ 
fore clear that the amount of steel saved by using reinforced con- 

• crete, wTiile of some importance in war-time, is not nearly as 
great as might first be thought. 

The authors refer to stayed poles and to the compressive 
stresses in them. They should have pointed put that other 
stresses must also be considered in stayed poles, for even when 
stays ate placed at the centre of the load secondary bending 
stresses are created and these are usually of considerable impor¬ 
tance. It is not sufficient to consider merely the compressive 
strength of a stayed pole. 

Much work has been done recently on the pre-stressing of 
reinforcement in reinforced-concrete structures. I would like to 
know.whether the authors have considered adopting this pro¬ 
cedure for their poles, although it is possible that the advantages 
of pre-stressing would not be fully realized in this case. 

: * The general experience t>f users of reinforced-concrete poles 
in this* country has been very satisfactory. Nevertheless, these 
poles do suffer* serious damage in the event of broken wires. 
They are not, of course, designed to resist broken wires any hapre^ 
than is the ordinary wood pole, but a concrete pole by reason of 


its lack of flexibility cannot yield to a twisting moment, and on 
several occasions when conductors carried on concrete poles have 
broken for one reason or another the pole tops have been twisted 
off. Under similar conditions a wood pole would rotate in the 
ground or the cross-arm would fail, but in neither case would the 
pole be permanently damaged. For maximum reliability, sup¬ 
ports which are not strong enough to Resist broken wires should 
be sufficiently flexible to deform without suffering damage. 

Mr. P. J. Ryle: On all poles of the types described, which I 
have seen tested, hair cracks have appeared on the tension side 
at well below the ultimate load, but on removal of loads below 
the ultimate these cracks have closed up completely as far as 
could be seen with the naked eye. The non-closing of the cracks 
.for higher loads has always been surprisingly clearly defined and 
corresponds closely with the B.S. 607 criterion of failure, i.e. “the 
load at which permanent set begins to show marked dispropor¬ 
tionate increase with load.” Observation of non-closing of 
cracks is thus a useful confirmatory guide to the “failure” load. 

I agree with Mr. Boyse on the need for detailed consideration 
of the concrete pole when used as a strut. Sometimes there may 
be considerable bending as, for instance, on a stayed terminal 
pole carrying a heavy off-set transformer, when the pole is called 
upon to act as a heavily loaded strut with appreciable eccentric 
loading. 

There is very little reference to cross-arms in the paper. The 
poles which the authors describe have all been used with steel 
cross-arms; in my opinion the steel cross-arm is much the most 
attractive type for reasons of both appearance and general 
adaptability. It is easily adaptable for special positions, and 
replaceable if outlasted, as it should be, by the pole itself. 
Different types of cross-arm may be needed for different types of 
road and railway crossings, etc., and as long as enough cored 
holes have been supplied in the pole itself, this should not lead 
to any difficulty. Fig. 4 shows the standard arrangement of holes 
provided in these poles; there are not very many, but it is # sur¬ 
prising how many different jobs can be catered for with these 
cored holes. Have the authors given any consideration to the 
advantages and disadvantages of concrete cross-arms? 

Regarding the vibrators which the authors use in setting the 
concrete, what sort of frequency and what sort of vibrating 
masses are used, and how is the vibration actually applied to the 
mould? v 

The authors do not say much about earthing. Early doubts 
as to the desirability of earthing on concrete poles via the rein¬ 
forcement were, I think, justified, because the joints in the main 
members were simply lapped joints, mechanically sound but most 
unsatisfactory from the electrical standpoint. Present-day joints 
are all-welded, and there is no reason why the reinforcement 
should not then be considered as a perfect earth lead as long as 
good connections can be ensured at the top arid bottom of the 
pole. 

It is a pity, if the authors are right, that 60 ft is about the 
economic limit of height for these poles. In France and Italy 
pole? of up to 80 and 90 ft are sometimes used. I do not know 
whether they are economical or not, but they have certainly often 
been handled and erected in the most awkward places. If poles 
of the general type described in the paper could be economically 
supplied, and erected up to about 70 ft long, there might be a 
field for them for, say, 3*3-kV or 66-kV double-circuit lines with 
suspehsmn insulators. . ,:; • 

The weights of the poles described in |he paper, if plotted 
against where IT is the overafl height in feet and Mis the 

maximum workingbendingmmhent w 

W = 0* 35 HVM, where W is the pole weight in 
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lb. I have always found that the weights of lattice steel towers 
can be closely approximated by W = 0*12 H\ f M, so that the 
complete concrete pole weighs approximately three times as much 
as a steel tower for the same job. Now the steel reinforcement 
in a concrete pole represents about 24% of its total weight, so 
that the weight of steel in the pole is never much less than about 
70% of the weight of steel in the corresponding steel tower. It 
is therefore clear that concrete-pole construction does not 
save much in steel, and can very rarely show a saving in initial 
cost; Its chief advantage, in normal times, must therefore lie 
in durability and absence of maintenance costs. Long-term 
experiences of users should therefore be welcomed. 

Mr. P. B. Frost: The Post Office do not use concrete poles, 
although in peace-time we use a total of about 250 000 poles 
a year. The possibility has been carefully studied at intervals 
during the last 20 years; the last time was in 1942, owing to the 
very high cost of timber, but the decision has always been 
emphatically against usingjthem. Our reasons for this are, first, 
transport. We have 9 000 engineering vehicles in. use; many 
are called upon to carry 1, 2 or 3 poles, and some full loads. If 
' we adopted a pole much heavier than wood, many of our vehicles 
would have to be replaced by heavier ones. Better and more 
lifting appliances, and even mobile cranes, would be needed, 
apart altogether from more men. In the usual installation gang 
every man has his job, and a larger gang could not be employed 
economically. 

Again, new designs of pole fittings would be needed and more 
stocks would have to be carried, or, alternatively, we should 
want poles with very many cored holes; this, as the paper points 
out, would present considerable difficulty. The risk of damage 
in handling, both in transport and in erection, in shifting from 
the stack to the lorry and in unloading the pole at the roadside, 
is very much greater with concrete than with timber poles. 
Freight charges, too, are much higher. A point which affects us 
particularly is the single linesman who goes about on a motor¬ 
cycle, or at most on a motor-cycle and sidecar; he cannot take a 
ladder, and always uses climbers. I do not think that there is 
any suitable climber for use with concrete poles. 

Comparisons of costs and weight depend upon the factors of 
safety taken. Assuming 3 J for timber and 2\ for concrete, on 
actual quotations obtained in 1942, the cost for concrete poles 
works out at over four times that for timber, while the weight is 
from three to six times greater. These figures alone rule con¬ 
crete poles out for the relatively small sizes that the Post Office 
makes most use of. 

With regard to the life of poles, I do not see why a concrete 
pole should fail, except perhaps by spalling. This does happen, 
but could be avoided by controlled mixing conditions, vibrated 
concrete, a small aggregate and a low water content; moreover it 
is only rough, cheaply-made posts which fail in this way. The 
life should be at least equal to the recognized life of imported 
timber, say 40 years. I do not claim that creosoted timber may 
be depended upon tp give a longer life than this, although we 
have very many poles still standing after well over 50 years’ 
service which are still in perfectly sound condition. 

There are two points in the paper with which I do not agree. 
One is the reference to the unfortunate results in the use of 
larch. We have many larch poles standing which were erected 
in the last war and which are still quite sound; but a considerable 
number have failed. Their life is in fact somewhat erratic. The 
other point is the statement that timber usually breaks at or about 
the ground line. That is not true for the heavier and taller 
timber, which frequently breaks well above the ground line. 
Theoretically, for poles carrying a single concentrated Iqad the 
weakest point is where the diameter is If times that at the load 
point. Poles 50 ft long should break at about 10 ft above the 


rt 

ground level, while 70 ft poles should break at 30 ft above 
ground. 

I think the paper deserves high praise for the fair comparisons 
made, and that the claims made for concrete can be accepted as 
justified. 

Mr. E. S. Broadhead: Any engineer who is called upon to 
design a structure to a specified factor of safety will find that the 
standard textbooks give him almost no guidance as to the 
behaviour of a structure as it approaches failure. Many 
engineers believe that if they design for a stress one-quarter of 
the stress of failure they will get a factor of safety of 4. For 
steel transmission towers we should have a factor of safety of 
about 2\, which may be further reduced by deflection and 
secondary stresses. With a concrete pole the complications are 
even greater, because the percentage of steel used is about 
10 times more than in ordinary construction, whilst the breadth 
of a pole may be only one-hundredth of its height. 

I have designed several concrete poles, and realize the diffi¬ 
culties of designing without proper knowledge. None of th^se 
poles was ever manufactured, so that I have no idea how they 
would have behaved under test. P. D. Morgan exhaustively 
summarized existing knowledge in his paper [Section 8(2)], but 
gave no advice on stresses at failure or factors of safety. The 
present paper does give this vital information. The tests made 
show that the steel-beam theory works satisfactorily, and that 
the compression flanges will not fail otherwise than as a column 
when the ratio of length to breadth is about 100. Designing 
without this knowledge is not much more than intelligent guess¬ 
work at the best. 

I do not agree with the authors on the proportion of the pole 
which should be underground. They advise designing a pole as 
if kicking-blocks are to be used, but this is perhaps the best 
condition, except, perhaps, where the pole is cast in a concrete 
block. Any other condition will reduce the lever arm of the 
resisting moment, so that the shear stresses must be increased 
beyond those where the kicking-block is used. As it is impossible 
to guess the future condition of the ground, and as the shear can 
be carried so easily, a higher factor of safety for this portion of 
the pole appears rational. I am not advocating a safer founda¬ 
tion; I favour the foundation being the weakest part of the line. 
It is much easier to plumb a pole than to replace it with a new 
one. 

The authors say that there seems to be no measurable difference 
in the behaviour under test of two poles of different quality, 
until failure occurs. Deflection gives no guide to quality either 
of steel or of concrete. From this it follows that the only way 
in which the user can safeguard himself is to have a few poles 
tested to destruction and be certain that all the other poles are 
made of the same material and with equal care. 

After the war, the country may not be able to afford the luxury 
of imported wooden poles when a reinforced concrete substitute, 
made of home-produced materials, can be provided, so that 
there may be a bright future for the reinforced-concrete pole. , 

Dr. J. McCombe: For some years I was with the Electricity 
Board for Northern Ireland, where we had upwards of 300 con- 
cr ete poles, which behaved well. The concrete pole has increased 
in use during the war, owing to the scarcity of Baltic timber. The 
only timber now available is home-grown, and while Scotch fir, 
larch and spruce are as strong as the Baltic yariety, their^lMe is 
doubtful. r. 

Investment is made in a concrete pole as a long-term policy, 
but most designers fit it with a steel cross-arm. Recently I . 
analysed the life of steel cross-arms in industrial areas, <ov$r a 
period of about 16 years, and found that the average life of a 
galvanized cross-arm is about five years in such areas. At the 
end of that time it can be wire-brushed, given a coat of red lead 
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followed by a coat of sublimed lead and finished by a coat of 
chromium oxide; this treatment is expensive, takes time, and 
means # that the lines are out of commission. Or the cross-arm 
can be left in a rusty state for a few more years and then scrapped. 
With a long-term policy of purchasing poles of the concrete type! 
surely the integral parts should have an equivalent life? 

I disagree with the authors’ statement that concrete poles may 
be used in future for the heavier trunk lines, as I cannot see any¬ 
thing replacing the steel tower for the 132-kV lines. With regard 
to the 66-, 33- and 11-kV lines, the tendency has been for the 
pendulum to swing towards all-insulated lines. If that pendulum 
swings further, as I believe it will, the principal component of 
such lines will be the wood pole, with its high impulse strength; 
there is thus no field for the concrete pole. On the other hand! 
with the large postwar building programme which will be closely 
watched by the usual town-planning committees and societies 
for the preservation of rural England, the question of amenities 
must be considered and will, I think, mean a place for the con- ‘ 
crete pole on low-voltage distribution, but certainly not for ma in 
trunk lines. 

Regarding the weight of reinforced-concrete poles, the authors 
refer to the future use of the higher-tensile steels and pre-stressed 
steels as a means of reducing weight. For any appreciable re¬ 
duction in weight, I feel they must think in terms of lighter 
aggregates. 

Mr. H. G. McDowell: This very informative paper is of par¬ 
ticular interest to me, as I have recently been concerned in the 
design and manufacture of concrete poles for a transmission line. 

In studying the designs in the paper, I am struck by the narrow 
width of the longitudinal face, and it would be interesting to know 
whether the relative weakness in this direction complicates hand¬ 
ling and erection. It would appear that great care must be 
exercised to prevent cracking of the concrete, and I presume that 
the poles must always be kept on edge. I gather that the same 
section is used for stayed poles. 

The importance of the cover to the steel has been emphasized.’ 

I favour a generous cover, although this, unfortunately, increases 
the weight of the pole. The poles to which I have referred are 
of H-section with ribs at 2-ft centres. We decided on 1 in of 
cover, which gave a rather thick flange, and, as the bulk of the 
weight is in the flanges, the poles are rather heavy. The poles 
are square in section, so that the strength in the direction of the 
line is considerably more than one-quarter of the transverse 
strength; they were designed so that intermediate and stayed 
poles, from 36 to 48 ft in length, could be made in the same type 
of mould. The design is admittedly conservative, but in erecting 
the intermediate poles bending will occur about the Y-Y axis, 

■ so that the considerable strength in this direction is an advantage, 
particularly as the cross-arms ale of concrete. 

The replies tp the questionnaire are encouraging, and make 
one hopeful of the future use of concrete poles. 

Mr. G. R. Falkiner Nuttall: My own experience with concrete 
poles goes back to France just after the last war, when I was 
engaged in reconstruction work there. The poles described in 
the paper are in some ways similar to those then employed; a 
great deal of progress in the way of design does not seem possible. 

All the poles in France were designed in accordance with the 
1906 regulations, and even in current calculations I still use the 
1906 French code. , 

On the Continent, the practice is to use rather spidery steel 
arms, which whip round the pole if anything goes wrong. In 
this country, on account of corrosion, concrete qross-arms have 
beemused, but they have the disadvantage that there is very little 
give in ,/them. M 1940, I carried out some experimental work 
with M. Lambert, one of the engineers on the French Railways, 
.which led us to conclude that we would not need any insulators 
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on the arms; and that we could make a concrete cross-arm which 
would itself be an insulator. I brought the material to this 
country and had it tested by the National Physical Laboratory 
with striking results. 

I agree with the authors that 60 ft should be the approximate 
limit of height of a pole. I do not agree that larger poles should 
be made in concrete; steel is the right material for them. On the 
Continent the ordinary distribution-line concrete pole, which is 
quite a light pole, is used in very large quantities, although timber 
is available. 

Major T. Rich: The first concrete posts for power transmission 
were erected in the Dresden and Grenoble districts about 1909, 
mainly as an advertisement for concrete. Some of the first 
French poles were wooden posts with cement round them, but the 
wood swelled and cracked the cement. I think that the mistake 
still made in this country with spun posts and spun pipes, is that 
the concrete is used too liquid. 

In this country posts have to be imported; high-grade timber 
is used, well creosoted, and their long life does not encourage the 
use of concrete for line posts. On the Continent, inferior wooden 
posts have been much used for railways and for telegraph lines 
generally; they have rotted at the base and haVe then been re¬ 
paired by supporting by prickers without disconnecting the con¬ 
ductors and by cutting at the ground Jine and putting on a con¬ 
crete base. The same post then lasts almost indefinitely. I 
think in this country a good concrete base with a wooden post 
above might serve for some light lines. 

When the C.E.B. first made a specification for a concrete post, 
they decided that the cross-arm must be- built to stand the tor¬ 
sional strain. German engineers, on the other hand, put up 
several high-voltage lines with lattice supports on the principle 
that if there is a variation in stress the cross-arm will react to it 
and adjust itself. Is the post to be turned into a testing-machine 
or should simple arrangements be provided for adjustment? 
That can also be overcome by not making the attachment too 
strong; if the line slips it does not do much harm, and the cross- 
arm is relieved. The other method is to allow the cross-arm to 
give. 

There are several types of post not mentioned in this paper 
which have had a considerable vogue on the Continent. One 
type uses rapid-hardening cement, Ciment Fondu, in positions 
where aggregate is very cheap. Several power lines have been 
put up in mountainous districts in Spain with the posts cast on 
the spot and erected about three days after being cast, the line 
being put up a few days later. 

Another reason why more concrete posts are seen on the Con¬ 
tinent is that the lines are usually along the roads, so that trans¬ 
port difficulties are not as great as with cross-country lines. For 
making poles steel moulds are used and last a very long time; 
they give a good surface. 

Have the authors had any experience with notched bars or 
specially-shaped bars? Pre-stressed bars have been tried on the 
Continent, but up to the present the results have not been worth 
the trouble. 

Mr. W. K. Allen (communicated): The authors are to be con¬ 
gratulated on the design of a pole combining a low weight to 
strength ratio with good appearance. Concrete cross-arms are 
not mentioned, but on straight-line poles these have proved quite 
reliable and give a finished appearance to the line. 

Whilst agreeing that the use of home-grown wood poles is not . 
desirable on lines forming a permanent part of the transmission 
system, I think that careful consideration should be given to 
the;respe<% of steel and reinforced concrete. It is 

not generally appreciated that a sectional tubular steel pole, 
with its manifold advantages from the erection point of view. 
Overall weight of no more than the weight of rein- 
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forcement alone in an equivalent concrete pole. With copper¬ 
bearing steel, careful galvanizing and proper precautions against 
internal condensation, this type of support will give every satis¬ 
faction. Angles and terminals can be dealt with either by 
modification of the tubular pole or lattice towers. 

Erection of heavy reinforced-concrete supports involves 
scrapping most preconceived ideas and evolving a new tech¬ 
nique. I have had some success with a 4-wheel drive, 4-wheel- 
steering tractor fitted with"an anchor and a power-driven winch. 
The poles are transported six or eight at a time from the railway 
station to site by the tractor and a trailer capable of carrying up 
to 18 tons. A single derrick suitably guyed is used for erection, 
the pole being picked up from the trailer at a point one-third of 
its length from the top, employing a block operated by the tractor 
winch. It is lifted clear of the ground and can then be easily 
lowered into the hole. The authors’ estimate of an increased 
erection cost, compared with a wood-pole line, of £13 per mile 
would appear to be conservative. 

There is very considerable advantage in the use of a founda¬ 
tion giving adequate initial strength with the minimum of exca¬ 
vation. A power-driven auger can be used to drill a hole of 
exactly the required diameter to give foundation strength. The 
pole is placed upright in the hole and the space filled in with 
l| in washed ballast: the pole will now stand upright, and the 
foundation develops considerable strength. Liquid grout is 
poured on to the ballast, which then sets into a vertical kicking 
block of exactly the required dimensions. I have found this type 
of foundation to give excellent results; it can be adopted with 
success on a wood-pole line, when the grout can usually be 
omitted. 

Have the authors considered the possibility of utilizing the 
reinforcement in place of an earth wire down the pole? Subject 
to careful welding, the area of reinforcement should be sufficient 
to carry considerable fault current without undue heating of the 
rods and consequent spalling of the concrete. 

I should like to make a plea for the use of pigmentation, pre¬ 
ferably brown, as a line of natural-coloured concrete poles con¬ 
trasts harshly with the countryside. 

Mr. A. Burke (< communicated ): I suggest that sectional plans be 
inserted in Fig. 1 to explain the varied references to I, H and U 
sections and to show how the bracings have sufficient cover when 
flutings are used. 

Were the failures judged by the authors’ proposed criterion or, 
if not, will they say at what percentage of the stated loads the 


load/deflection curve ceased to be linear? Were any of the 
poles tested to destruction and, if so, what was the maximum load 

withstood? * 

The tests indicate that failure occurs at about the yield stress 
of the steel. Have the authors considered loading the bars 
before assembly to nearly breaking stress? Steel treated in this 
way has no definite yield point on subsequent loading, and hence 
poles fabricated with it should show nearly 50% increase in 
strength. Before finally accepting this principle, it must be 
shown that the pre-stressed steel behaves in compression the 
same as in tension, and does not revert to its former condition 
under the influence of normal variations in stress and tempera¬ 
ture. To take advantage of such high stresses in the steel, it may 
be necessary to have a higher-grade concrete than that for which 
particulars are given in the paper. This is a factor which does 
not appear to have been considered when dealing.with special 
steels in Section 6.3. The question of tension cracks was also 
ignored. 

Spun poles should not be lightly dismissed, although there may 
be some difficulty in providing for heavy shear loads, and their 
greater dimensions may be undesirable in footpaths: 1 The con¬ 
crete has a dense durable surface and, being about twice as strong 
as that mentioned in the paper, is better adapted to the use of any 
special steels which may come on the market. A calculation for 
a 36 ft Class B circular pole indicates that, while it is equally 
strong in all directions, the total weight and the quantity of steel, 
are not much more than for the authors’ rectangular pole. To 
compare their value for a conductor break, assume that both poles 
are first stressed transversely by a load P and then that a longi¬ 
tudinal load 0*5 P is added. The stress in the authors’ pole is 
increased by 200%, but that in the circular pole by only 12%. It 
is. worth paying extra for this big advantage, even though the* 
Regulations permit a longitudinal strength of a quarter of the 
transverse strength. Again, the circular pole is better as a strut, 
which is important on main rural lines when many branches are 
Subsequently added; it appears that the rectangular pole would 
have to be replaced by a square one when a stay is fitted. 

Mr. C. Wade (< communicated ): I take it that a concrete pole 
under ordinary conditions, and if well constructed, may last 
indefinitely, but wooden poles have in many cases shown a life 
of 50 or even 70 years. Replacements of wooden poles have been 
very few in the last 40 or 45 years, according to my experience. 
No doubt there may be an opening for concrete poles, but I 
think that wood poles will continue to be used. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. E. C. Neate and W. F. Bowling {in reply): The interest 
with which the paper has been received is much appreciated, 
and we regret that limitations of space prevent our replying more 
fully to the points raised in the discussion. 

The definition of failure by Mr. Boyse is that drafted for 
the proposed revision of B.S. 607. The principal difficulty in 
meeting its requirements is that the permanent set is very small 
relative to the total deflection of the pole under load. In 
answer to Mr. Burke’s question, the poles were tested to our 
proposed definition and, owing partly to the conservative 
design and partly to the use of rods of stock diameters; failure 
occurred between 10 and 15% above the declared ultimate 
strength. We agree with Messrs. Boyse and Broadhead that in 
the present-state of the technique a routine test gives no informa¬ 
tion as to the likely performance of a pole in service. We think 
that reliance must be placed on careful supervision during manu¬ 
facture, the results of the concrete cube tests, and the steel manu¬ 
facturer’s test report. \ > , ' 

The weights of lattice steel poles given by Mr. Boyse are on the 


high side; a 45-ft lattice steel pole to correspond with a Glass “D” „ 
pole can be designed to a weight of less than cwt, but un¬ 
fortunately this pole, while cheaper to fabricate and erect, suffers 
from high maintenance cost. „ V 

The strut formula given in Section 3.9 deals with the straight¬ 
forward case of a pole in direct compression, and if compression 
combined with bending has to be catered for, the usual adjustment 
to the calculations must be made. 

Several speakers have raised the question of the use of pre¬ 
stressed steel. Conditions in war time have been too difficult 
to enable us to take advantage of the increased yield stress 
obtained by this process. Light aggregates usually have the 
disadvantage of being porous, thus risking corrosion troubles. 

Mr. Boyse has shown some interesting photographs of a 
failure due to broken line conductors. We think that the 
following details of field tests of an “EX” pole may be dfimterest. 
W^ conductors and earth wire broken, 'ffie damage yas 
the poles on either side of the break. The flexibility 
of the pole in the longitudinal direction combined with the; 
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failure of the steel cross-arms relieved the tension in the con- (No. 154, 1935) before the Institution of Post Office Electrical 

ductors. The pole was then tested in the transverse direction, Engineers on “The Telegraph Pole”; it is regrettable that the 

and fjilure occurred at 75 / 0 of the design figure. We agree with information it contains has not been made available to a wider 

Mr. Ryle that the use of steel cross-arms is preferable to the more circle. Calculations indicate that failure occurs very near ground 

rigid and much heavier concrete arm. Dr. McCombe’s experi- level for stout poles up to 40 ft high, whilst a 45-ft pole should 

ences of cross-arm corrosion appear to be exceptional. fail at 5J ft from the ground line. 

The vibrators employed are a proprietary article, the vibration Mr. Broadhead raises the question of foundation design, which 

being caused by an out-of-balance rotating armature. Two, has been much neglected in the past. A kicking block or other 

clamped across the moulds, are used for the average length of prepared foundation seems essential owing to the narrowness of 

P°* e * ... the effective face of the pole. 

The main reinforcing has been used for earthing on lighter In reply to Mr. McDowell, we have not experienced trouble 
lines and has proved quite satisfactory, but on the heavier types due to the cracking of the concrete of the poles dealt with in the 

of poles there has been a general preference to run a separate paper. Other types, using relatively light reinforcing, must be 

external earth-wire. handled carefully. 

The 60-ft economic limit is based on poles fabricated in the The proposal by Mr. Falkiner Nuttall to use concrete as an 

works. There is, however, no difficulty in devising a technique insulator is interesting, but we believe that climatic conditions 

by which poles to an almost unlimited height could be assembled may prevent its development in this country, 
and cast on the erection site. This practice is common on the Major Rich refers to Cimsnt Fondu. We used this in certain 

Continent. In this country, we are limited by the narrowness of of our early experiments, but abandoned further work when 

roads and entries to fields into which the poles have to be taken, aluminous cement became difficult to obtain. We have not had 

The empirical formula developed by Mr. Ryle for the relation occasion to consider the use of twisted or notched bars, as the 

between die pole weight and the height and working bending adhesion stresses have been well within permitted limits, 

moment is most interesting, and we agree with the general cpn- . Mr. Allen makes a comparison between concrete and tubular 
elusions he has drawn. steel poles. Apart from the question of price, the criterion for 

Mr. Frost gives relative costs for concrete poles which indicate failure is different, the design load being based upon the ultimate 

that he has considered only the shorter and lighter sizes of poles, strength and not the elastic limit of the steel. 

Our experience has been that as the loading becomes heavier, In reply to Mr. Burke, the poles described have a strength 
the more favourable becomes the comparison between concrete ratio of between 2 and 3 to 1 over the normal range of heights, 
and wood. We think Mr. Frost will agree that larch has given They are flexible in the longitudinal direction, and this offsets to 
far more concern than imported red fir. E.R.A. Report Ref. a large degree their lower strength in this direction. The works 
F/Tl7 gives interesting data on this subject. As regards failure cost of a square pole is very little more than* that of a 
of wood poles, the paper states that failure occurs “in the region rectangular pole; the high field and transport costs, however, 
of the ground level.” Brent deals with this subject in his paper make its use uneconomic. 


DISCUSSION ON 

“THE HIGH-PRESSURE GAS-FILLED CABLE”* 

MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 18TH OCTOBER, 1943 

Prof. E, W. Marchant; I am very glad to open the discussion its properties had not been made, the cables which have now 
on this paper because at the University of Liverpool Mr. E. A. been described by the authors would never have come into 
Watson^ in 1909, made many tests on the electric strength of existence: 

compressed air {Journal I.E.E., 1909, 43, p. 113 et seq.), which I should like to emphasize the great value and importance of 
gave the first reliable data on this subject. In his paper, research into the properties of materials which may not appear 

Watson points out that the statement is generally made “that to have any immediate practical utility. Very often, negative 

the dielectric strength of air is proportional to its pressure,” results are of value in preventing waste of energy by prosecuting 
but that actual measurements are very scanty and incomplete, research along wrong lines. 

covering either only low voltages or small increases of pressure There is one fact observed by Watson which is important in 
above that of the atmosphere. At the end of his paper he says connection with the possibilities of breakdown in the air spaces 

“compressed air as an insulation has considerable possi- between layers of insulation in this type of cable. If the break- 

bilities for certain cases, as it is free from viscosity and residual down strength between small spheres is measured, the voL 

charge effects and is not permanently injured if it is broken tage/spacing curve is very far from a straight line. With, say, 

down.” -/..MOODV the sparking distance is nearly 1 in at atmospheric 

In t!he discussion on Watson’s paper, I referred to the fact that pressure, whereas at a pressure of only 3 atm. the breakdown 

the electric strength of 40kV/mm at 15 atmospheres should : distance i$ less than 0-1 in. The greatest trouble in making 

make the use of compressed air as an insulating material a matter these tests was in the design of the testing equipment, because 
for consideration in any transmission system designed for extra the electric strength of the compressed air was very high and 
high voltages. ^ It has taken thirty-five years for the practical even a material like ebonite, which has a very high nominal 
application of'this material to be effected, but it is, I electric strength, could not stand the stress that was entailed 

not inappropriate to point out that if the early observations of on the insulating sleeves, when the breakdown voltage to be 
* Paper by c. J. Beaver and e. e. Daw (see 1944 , 91, Part ii, p.>5ji* : measured, even for comparatively short spadngs, was greatly 
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increased. The same problem has been evidently one of the 
most difficult tasks in the design of the compressed-gas cable, 
and the fact that so long an interval has elapsed before this 
practical cable was devised is evidence of the difficulty of the 
problems that have had to be solved. 

I should like to emphasize the authors’ statement that the 
problem of eliminating deteriorating influences in higher- 
stressed cables is fundamentally a physical one. Nearly all 
problems develop into physical problems, and it is the physical 
properties of the materials used in engineering that are of 
supreme importance. Too much time cannot be spent on 
research work intended to determine the physical properties of 
dielectrics. One interesting point in connection with the 
definition in Section 1.1 is the fact that the electric stress in the 
air spaces is higher than in the dielectric, so that not only does 
the air have to possess greater electric strength, but it has to 
have a greater strength than would be required if the material 
had the same dielectric constant as the dielectric. 

It was of the greatest satisfaction to me that, before I retired 
from the Chair of Electrical Engineering in Liverpool University, 
we were able to build and equip a high-voltage laboratory 
specially designed for the testing of cables. That field is, I am 
sure, one of the most fruitful that exists to-day. To take one 
example, the development of television will require the produc¬ 
tion of cables with very small dielectric loss at very high fre¬ 
quencies. Compressed air is, of course, an ideal material for 
such cables, but the problem of using it for ordinary lead-in 
conductors is probably too difficult to splve. 

Mr. H. G. Bell; *A local installation of 132-kV gas-filled cable 
comprises approximately five miles of three single-core cables. 
The circuit-is connected to the Grid at its two extremities, but 
receives a feed from a generating station through a step-up 
transformer at an intermediate point. Owing to the compara¬ 
tively high fault that can be fed through this circuit, the provision 
of a sensitive protective system, which would at the same time 
be stable, presented some difficulty, since the 3-point arrangement 
renders a linear response from the equipment at the three feeding 
points desirable. Ultimately a development of the Translay 
system was adopted, and this has proved satisfactory in service. 

In addition to the cable accessories described in the paper, 
other auxiliary equipment may be of interest. The transfer 
through the cable at any time is measured by an integrating 
watt-hour meter provided with an impulsing contact. The 
impulses are transmitted to the central control point and 
integrated over a short period, at the end of which they are 
transferred to an indicating dial. This equipment has the 
advantage that the apparatus installed in the substation is of 
simple well-proved design, the integrating equipment being 
provided at the central point. An instrument has also been 
installed to record the temperature of the cable core. This is 
actuated by means of two thermo-couples, one on the cable sheath 
and a second one attached to the core of a dummy length of cable 
carrying a current which is proportional to the main cable current. 
By comparing the records of this instrument with those of a 
recording ammeter it is hoped to obtain useful information. 

Mr. P. W. Cave: The description “gas-filled” given to this 
cable is something of a misnomer. With the oil-filled cable, 
the description is literally true if the term “oil-filled” is applied 
to the space within the lead sheath not occupied by copper and 
paper. In the gas-filled cable, however, this space is occupied 
by both compound and gas. The authors have suggested that 
the term “gas-filled” should be restricted to cable made with 
pre-impregnated paper and gas-filled. I doubt whether this 
discrimination will be acceptable to advocates of other types of 
gas-filled cable. 

pre-impregnated cable described has a definite advantage 


over other types, in that the compound chosen for the impregna¬ 
tion of the paper can be of such a type that it will not flow on 
gradients. This, coupled with the fact that the cable contains 
practically no free compound, is important, because troubles 
which might result from migration of compound are eliminated. 

Suggestions have been made that the factor of safety of two, 
adopted by the authors, could be reduced, but in my view this 
would be unwise. 

The authors refer to the change in gas density when the cable 
warms up; naturally, the variation in pressure between hot and 
cold will be related to the amount of compound in the cable. 
Without compound in the cable, the rise in gas pressure from 
no-load to full-load would be about 13%. If 60% of the 
available space contained compound, the rise would be 20 %, 
and so on. It might be inferred from this that the adjustment of 
the amount of compound would be a matter calling for very 
careful consideration, but in actual practice, I presume, the 
adjustment becomes automatic when the sheath distends under 
the application of internal pressure. 

I see that the authors have followed the oil-filled technique to 
the extent of applying a second lead sheath over the reinforce¬ 
ment. This second sheath has a dual purpose as it provides 
protection to the reinforcement from the action of corrosive 
agents in the soil, and also facilitates the location of a gas leak. 

I would like to ask the authors which of these two features is 
regarded by them as being the more important. 

One of the authors mentioned that in carrying out a leak 
location the centre joint is excavated, one dome removed there¬ 
from, and a special dome fitted. This would appear to be both 
difficult and unsafe to carry out with full gas pressure inside the 
joint. The act of removing the dome will reduce the pressure 
in it to that of the atmosphere, whereas the pressure within the A 
conductor will remain at 200 lb/in 2 . Is there not a tendency for 
this internal pressure to burst, or at any rate distort, the hand- 
applied insulation on the joint, and would it not be a wise pre¬ 
caution to switch the feeder out and reduce the gas pressure 
to, say, 50 lb/in 2/ before attempting to find a leak? 

Mr. J. Durnford: The authors have illustrated the ability of 
the gas-filled cable to operate satisfactorily under normal a.c. 
conditions, but I should like to draw attention to the conditions 
existing when the cable is subjected to high impulse voltages. 
For these, if greater than twice the normal a.c. voltage, the gas 
is apparently fully ionized; it follows that the stress is applied 
wholly to the paper insulation. I should like to know if, in con¬ 
sequence, effective dielectric thickness, and hence the impulse 
voltage strength, is materially reduced; and if it is effectively 
less than that of the corresponding oil-filled cable, in which the 
dielectric is, ideally, continuous from conductor to sheath? 

Another point concerns the relative strength to over-voltage 
of the different items on a cable system. In the present case it \ 
seems advisable to have the breakdown strength of the joint 
less than that of the cable itself in order, as a last resort, to provide 
some degree of protection for the latter, which is more difficult 
and expensive to replace. Could, the authors say If such a 
relationship yet exists for gas-filled cable systems? 

Mr. D. J. Pearce: I should like further information on one 
point, namely how long does it take to bring the cable to its 
full gas pressure? Also, when is the cable subjected to the 
full gas pressure for the first time? Routine tests are merrti&ned 
which are carried out in the works, but they do not appear to 
involve the use of the full gas pressure. 

Mr. W. A. Crocker: In their summary the authors state that 
since the economic position is sound, the gas-filled cdble%h6uld 
be taken into consideration for schemes involvi^ po^r trans- 
mission at 33kV and upwards. Do the authors really think 
.that the gas-filled cable is an economic proposition for 33 kV, 
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compared with the H-type or S.L. cable? Can they give some 
idea of the cost per mile for such gas-filled 33-kV cable? 

So for as users are concerned, great advantages are offered by 
the S.L. or H-type cable—especially the former, the repair and 
jointing of which can be executed by the undertaking’s jointers 
—whereas the gas-filled cable will, presumably, necessitate the 
services of the manufacturer’s specialist. How long does it 
take to make a joint on the high-pressure gas cable? From 
my own observations it seems to take a fortnight or more, which 
is a distinct objection in distribution service. 

What do the authors mean by the statement in Section 3.1 3 
on mechanical design that “no cold-working of the pressure- 
retaining sheath can occur under service conditions.” 


In Section 3.3.2 reference is made to the use of gas-filled 
cable on systems using a Petersen coil. For what period would 
the gas-filled cable run satisfactorily with one phase of the 
system earthed, compared with the period of 24 hours which, 
I believe, is permissible generally? 

The authors describe the precautions taken to obviate occlu¬ 
sion of air in the jointing of papers; in view of certain unsatis¬ 
factory methods of paper jointing in the past, do they think that 
an improvement has been effected in this respect on other types 
of 33-kV cable in recent years? 

[The authors’ reply to this discussion will be found on 
page 369.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 25TH OCTOBER. 1943 


Mr. R. S. Orchard: In Section 7.3.1 the authors propose to 
test the gas pressure on site only after completing the cable route, 
when nearly all the joints have been buried and the detection of 
any leakage at joints would mean fresh excavation. This could 
be avoided to some extent if pressure tests were carried out on 
limited lengths of the route immediately after installation. Do 
the authors agree that such tests are desirable? 

It seems important that it should be possible to gas-charge a 
cable to its working pressure in the minimum time. Is there any 
‘objection to raising the pressure reasonably rapidly to normal 
pressure, or is there a limit to the rate of rise of pressure on the 
cable? Some recommendations for the rate of gas-charging of 
cables, both initially and subsequently when the pressure has been 
lowered for maintenance purposes, would be interesting. As a 
general guide, can the authors suggest .any limit to the differences 
*in pressure allowable during charging along, say, a length of 
220 yd of 66-kV 0*15 in 2 3-core cable? What maximum pressure 
would they use to show that there was not a complete barrier to 
gas flow at any point? 

Is it considered that feeding arrangements are necessary only 
at either end of a route, or are they sometimes necessary at inter¬ 
mediate points? If so, can any general recommendations for the 
length of cable per feed point be made? 

The method described for localizing gas leaks (Section 8.4) 
calls for excavation at the joints. Would not test connections 
brought to surface level with suitable valve arrangements for 
rapid detection be more convenient? The time factor is an im¬ 
portant one in the case of breakdown. 

Some stress/time breakdown curves for completed cables and 
joints on the lines of those given for the various types of paper 
would be useful to permii a comparison of the factors 6f safety 
available with other types of cable. 

The authors strongly recommend that either a second sheath 
or a special anti-corrosive covering should be provided to protect 
the reinforcement. With oil-duct cables where a similar rein¬ 
forcement of a non-ferrous type is provided, it has been found 
possible, where soil conditions are normal, to dispense with the 
second lead sheath, relying on a normal waterproof protective 
covering. Could similar practice be used for gas-filled cable? 

According to Section 3.3.6, in future 132-kV 3-core cables: 
the operating stresses could be considerably increased, and rela¬ 
tive costs would then decide whether 3-core or single-core cables 
shoufti»be useji. Presumably, if the 132-kV 3-core cable is satis¬ 
factory at the higher operating stresses, there is no reason why 
single-Core cables and lower-voltage cables should not also operate 
at the higher stresses, any comparison of costs being based upon 
similarstress conditions for all voltages. ; •. 

■ ■It is •suggested in Section 7.2.1 that power factor/voltage tests 
should be carried out up to twice the working voltage at normal 
gas pressure: The gas-pressure alarms would be set at 90 % of 


normal gas pressure and this is, therefore, a working condition. 
Would the authors recommend that power-factor/Voltage tests 
should also be carried out at the alarm pressure, and can they 
confirm that then no ionization would occur up to twice normal 
voltage? This would ensure the adequate margin of safety for 
the Petersen-coil earthing conditions (Section 3.3). 

The high-voltage test specified (Section 7.2.1) is 250 kV (a.c.) for 
15 min for a 132-kV cable. This represents 3-3 times working 
voltage. For many years oil-duct cable designs have successfully 
withstood four times normal working voltage for 15 min. Could 
tests be made successfully up to four times working voltage for 
15 min, provided the test value was not limited by the test plant 
available or sealing-end flashovers? 

Section 7.5 gives the surge stress value of the cable as 800 kV 
per cm with a negative 1/50 wave. This figure results in some¬ 
what lower breakdown figures than some suggested for oil-duct 
and solid cables using fully-impregnated paper. I should like 
to have the authors’ views on the comparative surge strength of 
pre-impregnated and fully-impregnated paper. 

It is stated in Section 3.3 that the axial stress at the core surface 
at the point of termination of screen depends upon the product 
of the radial stress at the screen and the taper of the stress buffer 
cone. This presumably assumes a perfect joint between the 
screen and the conducting material used to continue the screen 
across the joint. What methods would the authors use to com¬ 
plete this joint, since a great deal of trouble has been experienced 
in solid-cable joints and sealing ends in practice due to unsatis¬ 
factory design at this point? 

The use of conducting tape to preserve continuity of the core 
screens across a 3-core 66-kV joint is recommended by the 
authors. Are figures available for the insulation resistance of 
the tape both radially and tangentially, and can the authors con¬ 
firm that the tape does not affect the stress conditions at the 
termination of the screen? 

Figures for the axial stress which the pre-impregnated paper 
used in the construction of the cable will withstand between paper 
surfaces, and similar figures for joints down the taper between the 
cable papers and the applied silk tape, and also across the hand- 
applied papers, would be useful data. Can the authors give any 
power-factor/voltage figures for joints alone? 

Mr. E. C, I. Macdonald: Section 10 could be amplified by 
figures enabling the performance of the gas-filled cable to be 
compared with that of existing types of cable. Some informa¬ 
tion on typical ratings for gas-filled cable, based,for example, on 
the standard conditions used by the E.R.A. in their publication 
F/TJ28v wopld bfe of value. Does the high-pressure gas-filled 
from other types of cable in relation , 
to the dissipation of heat generated, and what effect do varying 
conditions of laying have on the current rating? 

^ It wbuld be interesting to know whether difficulty is experi- 
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enced in obtaining consistently sound brass castings for joint 
sleeves to withstand the severe internal gas pressure test, and 
whether the authors have adopted any means of reducing the 
number of porous rejects, and if so, whether the repaired sleeves 
proved satisfactory in operation. 

What alloy, if any, is suggested for the lead sheaths of the 
cable? Do the authors favour any particular type of lead press, 
and are any special precautions taken in producing a pipe which 
will withstand the test mentioned in Section 4.3? 

I fully endorse Mr. Orchard’s remarks on the formidable pro¬ 
cedure apparently necessary for locating a gas leak, and my ex¬ 
perience of the difficulty of locating fluid leaks in other types of 
cable leads me to urge that much more attention should be paid 
to the practical side of this problem. Is it possible to leave a 
leaking cable in commission for a short period after the low- 
pressure alarm has operated, to allow the control engineer to 
transfer the load elsewhere? 

.My reading of Fig. 20 is that, provided the strand gas-pressure 
at the leak does not fall below 125 lb/in 2 (gauge), the region where 
ionization will occur is limited to a relatively small number of 
layers of insulation near the outer screen. Are the authors’ re¬ 
marks in Section 8.3 intended to convey that there is no risk of 
damage as a result of this ionization? 

A second alarm set to operate at a feed pressure corresponding 
to the gas pressure at the screen below which ionization will occur 
at the leak, the most pessimistic conditions being, of course, se¬ 
lected, might be considered advisable to indicate a “circuit 
unsafe” condition. 

Mr. A. Gray: There is nothing in the paper to describe how a 
cable is treated during the repair of a joint. This is a very serious 
matter, and, of course, applies to all terminal points. After a 
repair has been completed, ‘how long will it take before the gas 
pressure is sufficient to re-commission the cable? I believe that, 
when a cable route is to be surveyed, the most suitable position 
for the joints should be noted and the cable should be fabricated 
in lengths to suit the joint positions. 

Mr. E. E. Dunn: What is the approximate maximum length 
of gas-filled cable which can be fed from one gas feeding point? 
It would appear that the thickness of the gas spaces in the cable 
is of great importance; a strong compact reinforcement is also 
necessary to support the inner lead sheatfy against the internal 
pressure of 200 lb/in 2 . Do either of these features impose a limi¬ 
tation on the bending radius of gas-filled cables? A knowledge 
of this radius in terms of cable diameter would be appreciated. 

With regard to gas leaks, it is shown from practical experience 
that gas-filled cable installations can be made inherently gas-tight, 
but there is the possibility of leaks arising from lead-sheath 
corrosion due to electrolysis or stray currents. As already 
pointed out, it would certainly be most desirable to carry out 
research on a rapid method of finding gas leaks. The method of 
testing for gas at certain joints at successive “rings” taken from 
an outer sheath, is along and costly process in the case of cables 
laid in concrete-surfaced roads. 

As electric supply authorities are practically always joint occu¬ 
piers of roadways and footpaths, the authors’ views would be 
appreciated on the effects of nitrogen gas, from a sustained leak, 
percolating into cellars or the ducts and manholes of other public 
service undertakers. 

The authors believe that, when operated under certain gas-leak 
conditions, a limited portion of the outer layers ofthe dielectric 
will ionize around the leak. Would such ioiiization: produce 
permanent deterioration of the outer layers of the cable papers? 

Some information on the relationship between gas pressure 
and cable surge-strength stress would be of value. £ 

In all developments in high-voltage cables the greater sihaplir 
fication of installation and operation mentioned in the paper are 


of considerable import, in addition to lower initial cost. Opera¬ 
ting costs incurred in the maintenance of auxiliary equipment can 
become very considerable on a large system. f 

Mr.*P. Richardson: With regard to the drying of the paper in 
the impregnating plant it would seem that the vapour pressure of 
100 atmospheres would give a temperature of about-300° C. 
This seems to be approaching a rather high temperature for 
paper. I would like to know if all the papers are laid on in the 
same direction, as from the layout of the apparatus a total of 
100 papers are applied in one operation with the conductor rota¬ 
ting in one direction only. The vacuum-impregnating chamber 
shows a squeegee arrangement for maintaining a vacuum inside 
the tank; what is the order of the vacuum that is obtained? ! 

Dr. J. C. Prescott: The successful design of the cable de¬ 
pends on the two facts: (1) that, as the pressure of a gas 
between electrodes is raised, the potential at which ionization 
begins is raised also; and (2) that for small electrode spacings 
the dielectric stress required for ionization rises as the spacing is 
reduced. 

Working from these premises, the designers have taken what 
would have seemed a few years ago the revolutionary step of 
introducing small occlusions of gas into the cable dielectric and 
of subjecting the lead sheath to an internal pressure of some 
200 lb/in 2 . The test and service results show that their boldness 
has been rewarded, and we may look forward to further de¬ 
velopments along the same lines. 

Mr. J. A. Harle: Cable manufacturers carry out their high- 
voltage tests over 15-min periods, whereas manufacturers of 
other apparatus carry out 1-min tests. In view of this it is 
frequently difficult to assess the relative strengths of the insula¬ 
tion tested in the two manners when co-ordinating insulation on 
a system. I should like the authors to include information as * 
to the 1-min breakdown values of the cables in relation to the 
working voltage or to the ionization value, as such data would 
be of great help in assessing whether switchgear or other appara¬ 
tus is weaker or stronger than the cable. 

Mr. D. Lightle: In connection with the drying and impregna¬ 
tion of the paper, can the authors give us some idea of the speed 
of the paper through the machine? It is given sometimes in con¬ 
nection with the ordinary drying of solid-type cables. 

Mr. W. J. C. Fletcher: The authors specify that the maximum 
compound drainage shall be measured by heating a length of 
cable to 80° C continuously for 7 days, and shall not be more 
than 1 % of the internal volume of the sheath. What is the total 
amount of compound, in comparison with the internal volume, 
which normally exists in a cable, and is not 1 % a fairly large 
percentage of the total compound content? How does that 
affect the operation ofthe cable in a vertical position? V 

With regard to the gas-filling operation, either in the first in¬ 
stance or after repair, other speakers have asked questions about 
the time required for re-commissioning the repaired cable. I 
should like to ask whether it is considerable, especially in the 
first instance when all air must be expelled, and whether 'this has 
any influence on the length of cable being manufactured. Is the 
manufactured length of cable limited in any way by the time 
required for gas filling? 

Nitrogen has been chosen for th£ gas filling, presumably 
' because it is the most common inert gas, but do the authors con¬ 
sider any other inert gas as being equally suitable, apart frpm the 
question of cost, and would a gas such as helium 6e still better, 
provided it could be obtained in commercial quantities? 

Mr. W. A. A. Burgess: The point that has interested; me most 
is not directly that of the gas-filled cable, but somdof the apeping 
remarks of the authors on the question of pther sorts of pables. 
They pointed out that there is a very considerable expansion arid 
contraction in the normal type of cable, which switchgear manu- 
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facturers must provide for or put up with in cable boxes. Cable 
manufacturers and users show great surprise when a cable box 
bursts„open or is found to have big voids inside it. There is 
always alleged to be something wrong with the design of the 
cable box. Mr. Davey has given a clue. A considerable ex¬ 
pansion must be expected, and, owing to the distension of the 
sheath, a lowering of pressure may take place which allows the 
cable oil, gas or air to flow back into the cable more rapidly than 
a compound. 


I have been very interested in the authors’ very ingenious form 
ot sealing up the cable joint boxes. Using compound in an 
annulus upside down to be melted when in position and then 
running down to seal the flanged joint is not very conv incin g I 
do not believe that a thermoplastic, such as compound, will 
withstand gas pressure indefinitely when run that way. 

[Th ® a f hors ’ reply to this discussion will be-found on 
page 369.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 1ST NOVEMBER, 1943 


Mr. G. S. Buckingham: I have prophesied for a long time that 
' the solid-type 33-kV cable would soon be out of date. I am 
sure there will be a very great expansion of high-voltage net¬ 
works after the war and that they will very largely be installed 
with some form of ionization-proof cable. 

The authors have described several gas-filled cable installations 
m this country and abroad. Doubtless there would have been 
many more in the absence of the oil-filled type of cable which 
has proved* itself over many years to be free from ionization 
troubles at all working voltages. There are two stages in 
the development of a new design,of cable. The first relates 
to the theoretical design, manufacture and testing of the new 
cable in short lengths. The second stage, and perhaps the 
more difficult, relates to the laying, jointing, putting into service 
and maintaining-in service of the cable in the field. The oil- 
filled cable may be said to have passed through both stages* 
the gas-filled cable has passed through the first, but is still 
passing through the second. 

The method of locating possible gas leaks leaves a good deal 
*to be desired. I think that the necessity to dig down to buried 
joint-boxes for making gas-flow tests could be obviated by the 
use of a simple device installed inside the joint which could, by 
the aid of a pilot cable laid alongside the main cable, give an 
immediate indication of the gas leak to the nearest joint position. 
I should be grateful if the authors could indicate the precautions 
which must be taken in mounting the sealing end shown in 
Fig. 11 in order to overcome the end-thrust produced by the 
high gas-pressure in the cable. 

(' Communicated ): The figures given for the resistance to.gas flow 
along the cable seem to be very high. Using the most favourable 
figures given in Section 8.3, it seems that the time taken to charge 
:] !?P a teagth of 6 miles of 132-kV cable, even when fed with gas 
from both ends, would be at least 4 days. If this is so, it means 
that if a leak, large enough to reduce the gas pressure at the 
, sheath to zero, were to develop near the middle of the cable 
* length, the resistance to flow of gas from the terminal feed- 
points would be so great that a leak would be undiscovered for 
days or even weeks before the pressure in the gas cylinders had 
dropped sufficiently low to operate the alarm system. During 
that time ionization would be going on, and breakdown would 
inevitably follow. It seems to me that if these figures are correct 
the authors may be compelled to sectionalize their gas-feed 
positions by means of stop joints, or alternatively, provide much 


system is dense and compact, with high short-circuit capacities 
and relatively short cable lengths. On some feeders the switch- 
gear costs, amounting to some £10 000 per panel, exceeded the 
cable costs Previously, the standard practice has been to use 

?™* S °, hd ; t ? pe e * bh with a ratin 8 of 20 MVA laid direct, or 
16 MVA laid in ducts, and it was clear that with a larger cable 
ratmg the switchgear cost per circuit and the total cost per kVA 
transmitted could be reduced. . 

* n 1™’ Possibility of a larger-capacity cable was explored 
and the design finally accepted was a 0-4-in 2 gas-filled cable with 
a dielectric thickness of 175 mils and a gas pressure of 100 lb/in 2 
This cable has a thermal rating of 27 MVA laid direct, an overall 
diameter of 3f in, and a weight of 53 lb/yd. The same rating 
with solid-type cable would require about 0 - 6 in 2 , with an overall 
diameter of more than in and a weight of 70 lb/yd. The price 

£VA rating would be 20 % more than for the gas-filled type 
Whilst the installation has not been devoid of trouble, experi¬ 
ence up to date has done nothing to shake my confidence in the 
gas-pressure cable; and, if the choice had to be repeated to-day 
under similar circumstances, I should select the same type of 
cable. Oil-filled cable could have been supplied for the same 
thermal ratmg, but the extremely hilly nature of the terrain 
and the consequent problem of fluid-pressure control were 
serious handicaps. 

I am disappointed to find very little reference in the paper 
to the cost of gas-filled cables. The basic manufacturing costs 
ought to be substantially lower than for the solid-type cable of 
equivalent rating. 

While the technique of the gas-filled cable is a sound and 
scientific approach to the problem of ionization control, the 
presence pf high mechanical pressure, in addition to high 
voltage, calls for more exacting standards of quality control 
in manufacture and installation, and unless adequate steps are 
taken to avoid minor imperfections, which may have far-reaching 
consequences, the gas-filled cable will inevitably suffer break¬ 
downs and acquire a bad reputation. 

Will the authors say why they fill the joints with compound, 
as the complicated arrangement of gas pipes in the initial- 
installations has proved very liable to choking. Surely there is 
no need for compound filling of the joints, provided that the 
cores are adequately spaced and supported mechanically. 

Mir. C. Kabblewhite : The authors have emphasized the diifer- 
ence between the gas-filled cable and other forms in which gas 
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conductor such as is used on the higher-voltage oil-filled cables. 

ither of these alternatives will entirely cancel out any advantage 
the ga%filled cable may have over the oil-filled cable and still 
leave it with*the considerable disadvantage of a very high 

internal pressure to be restrained within a lead sheath. 

Mr. D.J». Sayers: There are some 15 route miles of 33-kV 
gas-oiled cable of the type mentioned in the paper in commercial 
hSe on jhe Sheffield system, of which the first section has been 
m service for about four years. The choice of this partic ular 


pnncipal differences lies in the nature of the dielectric of the 
gas-filled cable, which embodies numerous gas spaces; A 
dielectric of this type is naturally predisposed to ionization and 
could not survive high working stresses if the gas occluded in 
the spaces were not under pressure. It is therefore very im¬ 
portant to know what margin of safety against ionization has 
been provided in this design-of cable. The authors have recorded 
the results of power-factor/voltage tests at voltages up to twice 
the working voltage, but I do not think these demonstrate a 
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on the gas-filled cable been carried out at higher voltages, and 
if so, at what voltage does ionization set in? 

To my mind, a dielectric embodying gas spaces is at a dis¬ 
advantage as compared with a fully-impregnated dielectric, and 
the proper and logical approach to the design of a gas-pressure 
cable is to provide it with a dielectric as near perfect as possible 
and to use gas under pressure to maintain this dielectric without 
deterioration under working conditions. This principle has 
been adopted in the design of the impregnated gas-pressure 
cable, which, unlike the cable described by the authors, has a 
fully-impregnated dielectric. This cable has been the subject 
of very careful research and thorough testing, which indicates 
that ionization is excluded up to at least four times its working 
voltage, and several examples have given very satisfactory 
service in commercial operation. 

Mr. D. T. Hollingsworth: Three types of dielectric have been 
used in pressure cables: (a) dry paper dielectric, (b) semi- 
impregnated paper dielectric, and (c) fully-impregnated paper 
dielectric. The authors describe a semi-impregnated dielectric 
with gaps between the turns of the paper, presumably to obtain 
pressure communication with the centre of the dielectric. A 
disadvantage of this arrangement is that the ionization voltage, 
which is a measure of the safety factor, is only about twice the 
working voltage of the cable. In the fully-impregnated dielectric, 
which has an ionization voltage of at least four times the working 
voltage of the cable, no gaps are left between turns, the pressure 
being communicated to the centre of the dielectric by the viscous 
compound with which the dielectric is impregnated. 

The main advantage of the dielectric described by the authors 
appears to be that there is less possibility of the cable compound 
moving in the dielectric when the cable is laid sloping. Very 
severe tests have been carried out on fully-impregnated dielec¬ 
trics, and commercial installations have been completed with 
cables erected in a vertical position over a considerable distance. 
No movement of the compound capable of affecting the charac¬ 
teristics or satisfactory operation of the cable has occurred, It 
is questionable, therefore, whether the advantages offered by 
the authors’ dielectric are worth the associated reduction in 
ionization voltage. 

Mr. T. H. Varcoe: The Germans developed a form of gas- 
pressure cable some ten years ago. I believe the Hochstadter 
company installed several miles of this type of cable in Holland, 
Denmark and Germany. 

It would be of interest if the authors would give their opinion 
of the practical application of this type of cable, and of the 
respective merits of the different designs of gas-pressure cables. 

Mr. F. W. Hayes: With a cable of this type, the user would 
like to know whether, if there is a leakage of gas, he can continue 
to keep the affected section of the line in circuit, as I believe 
can be done with an oil-filled cable, because continuity of supply 
with regard to the large undertakings is absolutely essential. 

Mi*. D. Kingsbury : The possibility of compound stopping up 
the sinall pipes used for carrying over the gas supply has been 
mentioned. In my limited experience with gas-filled cables, 
this quite inexplicable ingress of compound has been found 
a very great nuisance. In theory the compound should not 
migrate, but it does actually travel several feet upwards. 

In the type of sealing end shown in Fig. 11 there appears to 
be no venting of the space between the inner and outer porce¬ 
lains, so that with any small leakage from the inner porcelain, 
pressure cannot be relieved to prevent ultimate rupture of the 
outer porcelain. * •• • .. 

Is there any possibility of eliminating the complications 
inherent in using nitrogen af a pressure of 2(X) ^ 
introducing a much denser gas, such as Freon 12 (CC1 2 F 2 ), at 
or about atmospheric pressure? / ^ ^/ 


Mr. N. Care ( communicated ): The method of gas-leak 
location given in the paper appears to be very cumbersome. 
With a cable 12 miles long, the location and repair of a gas 
leak might take days or even weeks, involving excavation of 
ground, the opening of six joints, further excavation, and cutting 
the outer cable sheath at numerous places. This would be a 
very serious matter on a large transmission system where a 
132-kV cable might normally be carrying a load of 50-100 MVA. 
Have the authors any proposals to put forward which would 
simplify the method of localizing gas leaks? 

Some improvement could be achieved by bringing the gas 
cross-feed pipes out of the joints to inspection chambers and 
installing a simple system of gas valves, so that readings could 
be obtained on a differential gauge without the necessity of 
excavating ground and opening up the joints. In congested 
streets where any cable is very liable to mechanical damage, 
there would be no means of ascertaining if the outer sheath of 
a gas-filled cable was fractured until a gas leak occurred follow¬ 
ing corrosion of the reinforcing tapes of the inner sheath a long 
time after the original damage occurred. * • '. 

Is it necessary to maintain the cable under reduced gas pres¬ 
sure when carrying out jointing operations? If not* is there a 
possibility of moisture being drawn into the cable by a “breath¬ 
ing” action resulting from temperature changes? 

I agree with the authors that the final decision regarding the 
choice of the type of cable is largely a question of economics. 
Could they give any information regarding the cost per kVA of 
carrying capacity for gas-filled cables for a working voltage of 
132 kV, and state how this cost varies with the cross-sectional 
area of the conductor? i 

I should also like to have figures giving the dielectric doss at 
.varying conductor temperatures for this type of cable. It is* 
noted in the paper that the maximum conductor temperature 
under service conditions is 85° C. Is this the maximum tempera¬ 
ture under which the cable can be safely operated, or may an 
increase in conductor temperature be allowed to provide for 
overload rating? 

Mr. A. C. MacQueen {communicated): The gas spaces in the 
dielectric of the gas-filled cable, and the increase in the ratio of 
gas space to compound space thus obtained, appear to have 
the disadvantage of reducing the gas density at the conductor 
surface at comparatively high temperatures, with a resultant 
reduction in the ionization stress and in the factor of safety of 
the cable. There may also be a reduction in the carrying 
capacity of the cable due to a lower permissible operating 
temperature. 

The authors stress that there is no movement of impregnating 
compound in the gas-filled cable. Do they consider that the ^ 
migration of compound in a cable would seriously impede the 
flow of gas? If not, would the presence of a certain amount 
of free compound in the dielectric have any serious disadvan¬ 
tages? Would not gas replace compound in the spaces created 
by migration? * 

In Section 3.3.3 the authors point out that impregnated- 
paper dielectric has a higher electric strength than dry-paper 
dielectric and withstands surge voltages better. Does the 
presence of gas spaces in the gas-filled cable, and the absence of 
any free compound, reduce the electric strength and the ability 
of the cable to withstand surge voltages? A second cable Sheath 
is recommended. This appears to be an expensive method of 
providing protection against chemical action. Would not 
suitably-treated tapes be sufficient? 

Only single-core cables for a working voltage of 132 kV are 
mentioned. Are 3-core cables for this volfage likely to be 
ayailablefin the near future at an economic price?* 1 

I should like information regarding the type of compound used 
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in the joints. Do the authors consider that the use of silk-tape 
lappings in the crutch of a 3-core cable forms an effective seal 
against the migration of.semi-fluid compound? • 

In the case of a gas leak the alarm is set to operate at 180 lb/in 2 
The pressure in the cable varies from 200 to 245 lb/in 2 . Are 
any arrangements made to compensate for this variation in 
pressure, or will any serious reduction in gas density occur before 
the alarm operates if the cable is carrying full load? This 
question of reduction in gas density under gas-leak conditions 
also appears to affect the curves given in Fig. 20. If these 
curves correspond to a temperature of 15° C, then at maximum 


service temperature the point of intersection of the curve “Gas 
Pressure to Suppress Ionization” and the curve “Radial Gas 
Pressure at Leak” appears to be considerably higher and the 
. Region where Ionization will Occur” will be much larger. In 
view of this, are the authors satisfied that a sufficient margin of 
safety has been allowed in the design of the cable, and are 
any difficulties likely to occur during manufacture which would 
affect this margin? 

e 

[The authors’ reply to this discussion will be found on 
page 369.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 6th NOVEMBER, 1943 


Dr. J. L. Miller: A most important feature of the gas-filled 
cable is the fact that, because it contains no free compound, the 
question of compound migration does not arise. There is thus 
nq need for barrier joints or other devices to prevent migration, 
and there is no danger that succeeding load cycles will cause 
alteration to the value of the thermal resistivity at the highest 
points of the route. I therefore wonder whether—even at fairly 
low voltages where the case for the gas-filled cable as compared 
with solid cable is not necessarily strong—it might not be advan¬ 
tageous, simple and economical to install the former in sections 
where routp conditions are hilly. Have the authors given con¬ 
sideration to this point? 

Another excellent feature is that the permittivity of the gas- 
filled-cable dielectric is low—generally of the order of 2 • 8, accord¬ 
ing to my own measurements. This figure is certainly lower 
than that applicable to other types of dielectric and has obvious 
advantages where long lengths of cable are involved. 

The authors describe very fully the rigorous testing which they 
have applied to their cable, but they have said nothing about 
high-voltage a.c. type tests. As they show, and I agree with 
them, the power-factor/voltage relationship is flat until the ioniza¬ 
tion point is reached (about 2 to 2*5 times the working voltage), 
when the curve bends upwards rapidly. Thus, by design the 
cable is then ionizing vigorously, and in this range it would 
appear entirely fortuitous whether the cable would break down 
in the normal time of 15 min applicable to such a test, It seems 
wrong, therefore, to subject the cable to a voltage test which 
is very much above the normal ionization limit, and I should 
like to have the authors’ views on this point. In raising the 
matter I would also point out that it must not be confused with 
the behaviour of the gas-filled cable under the influence of high- 
voltage impulses; here conditions are totally different and, as I 
have remarked in the London discussion, the gas-filled cable has a 
satisfactory impulse strength. 

Previously the authors have laid emphasis on the use of ribbed 
or embossed paper. This paper had two advantages, particularly 
for the higher-voltage designs. One advantage was that the elec¬ 
tric strength was a little higher than that of ordinary paper. The 
other was that it allowed permittivity grading to be incorporated 
in the design, a feature, incidentally, that was dealt with by Mr. 
Beaver in his 1914 paper on cables. I presume that the authors 
are still investigating the. point, as it will be most interesting to 
hear how the idea works out in practice. 

Finally, it is perhaps not inappropriate very briefly to con- 
side? future ^trends. The gas-filled cable is now accepted and 
will therefore stay with us for a long time to come, but as time 
goes on one naturally feels certain that further developments will 
take plaee both in regard to the gas-filled cable and, to other types 
of gaS cable. Possibly one change will be the use of dielectri- 
cally-stronger paper and gases having characteristics better than 
those of nitrogen. The next step may be the incorporation of syn¬ 
thetic materials with suitable impregnating media, the synthetic 
. Vol. 91, Part II. 


material being extruded or in tape or string form. Then, one 
day there might be a swing right over to the other extreme, so that 
instead of cables operating at a pressure of 200 lb/in 2 , a high- 
vacuum and possibly continuously-evacuated cable, having a 
minimum of solid dielectric, might be achieved. It would be 
interesting to have the authors’ views on this point. 

[Dr. Miller then referred to several other points relating to 
the design of the cable that are covered by his contribution to the 
discussion in London.]* 

Dr. J. M. Meek: The curves of Fig. 3 for the voltage 
gradient required to cause onset of ionization show that this 
gradient increases by about 5*5 times when the gas pressure 
is raised from 1 atmosphere to 200 lb/in 2 . This is not as large an 
increase in gradient as . that obtained for the same gap length 
between metal electrodes, where, for the same change in gas pres¬ 
sure, the breakdown voltage increases by about 7*5 times. 
However, it is probable that the onset of ionization is not alto¬ 
gether governed by the breakdown of a layer of gas, of thickness 
equal to the radial depth of the void, but rather by the surface 
sparkover across the edge of the void, and it is known that the 
sparkover voltage across surfaces does not increase as rapidly 
with increasing gas pressure as that for the gas alone. It might 
be of interest to make comparative tests with d.c. and a.c., to 
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ionization onset voltages for both high and low gas. pressures, on 
account of the formation of space charges in the voids. This 
space-charge formation tends to lower the stress in the void and 
minimizes ionization for a constant d.c. field, but when the field 
is alternating a considerably greater degree of ionization takes 
place because of the continuous cancellation of this space charge 
on field reversal. Such an effect is known to have a marked in¬ 
fluence on the breakdown of impregnated cables, where the 
voltage gradient required to cause breakdown with direct current 
is appreciably higher than that with alternating current. 

The presence of space charges also gives rise to a mechanical 
force which attracts the opposite sides of the tfoid. Calculations 
would appear to indicate that, for the smaller voids, this force 
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I should be interested to know whether this effect is thought to 
be at all important in accelerating breakdown. 

The authors have not made reference in their paper to the use 
of cables with gases at low pressures, where the product of pres¬ 
sure toes radial gap in the void is below that corresponding to 
flie Paschen minimum in the breakdown-voltage curve for the 
gas. This minimum occurs in nitrogen at a pressure of 150 mm 
Hgfora 1 • 75-mil gap and, with further reduction in pressure, the 
breakdown voltage gradient increases until, at about 20 mm Hg, 
it is approximately the same as that obtained by the authors 
with a pressure of 200 lb/in 2 . This breakdown gradient at low 
pressures, however, is that obtained under ideal conditions, and 
it is probable that a lower pressure than 20 mm Hg is required 

* See 1944, 91, Part E, p. 53. 
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to give satisfactory operation in the practical case. As low- 
gas-pressure cables might appear to have some advantages over 
high-gas-pressure cables, the authors’ criticisms of the former 
would be valuable. 

Mr. W. H. Duncan: As a user, I would pay tribute to the 
stability of present-day 33-kV cables, of which there is a route 
length of 150 miles installed on the undertaking with which I am 
connected. During the last five years we have had nine faults, 
less than two faults per annum. Two of these faults were on 
belted-type cable laid some 20 years ago and of these one only 
was due to deterioration of dielectric. I have had several oppor¬ 
tunities recently of examining the condition of the dielectric of 
cables installed about 15 years ago, and in no case was any sign of 
deterioration discernible. It is therefore my opinion that 33-kV 
cables are now as reliable as 6000-volt cables were, say, 30 
years ago. 

The authors do not give a comparison of the cost of installing 
gas-filled cables as compared with that for cables of the solid 
type and, apart from their use on gradients or in vertical posi¬ 
tions, it seems that unless a very good case can be made on 
economic grounds for these cables, there is little scope for their 
use at 33-kV pressure; particularly is this so where questions 
appertaining to parallel running are involved. 

The authors are to be congratulated in putting forward a cable 
which should have a field of service at the higher pressures of 
66 kV and 132 kV and, it may be, at even higher pressures. The 
comparative absence of auxiliaries, necessary on some other types 
of cable, is a welcome feature of the gas-filled cable. Those who 
have had experience of the difficulties of finding room for such 
auxiliaries as are needed on some types of extra-high-voltage 
cable will welcome the authors’ proposals, backed by their state¬ 
ment, as to the reliability of their products. 

One or two points in the design of gas-filled cable merit atten¬ 
tion. One is that on multicore cable, above the first lead 
sheath there are apparently seven metallic layers. It seems 
that if the integrity of the outer lead sheath is not fully maintained 
and moisture obtains access, there are elements which may set up 
galvanic action with possible corrosion. Another point is: 
What effect would the closure of gas-filled spaces in the dielectric 
have in positions where the cable is subjected to heavy handling 
on difficult routes? Also, would the authors state the approxi¬ 
mate weight per yard of 0-3-in 2 3-core 33-kV cable, and also 
what maximum drum length of cable can be manufactured? 

The paper indicates that progress in the manufacture of cables 
for super-voltages is being maintained. The efforts of manu¬ 
facturers to produce cables to meet all requirements is laudable, 
and the gas-filled cable seems to be a step in the right direction. 

Mr. W. Szwander: A prospective user of cables rated for 
66-kV or more has to make his choice between the oil-filled and 
the various types of gas-filled and compression cables. This 
choice is rather difficult at present: though the gas-filled cables 
appear to be in many respects superior to the oil-filled cables, 
there are yet points in their design which may give rise to some 
fears as to their performance over longerperiods, such as stability 
of paper and of oil or of compound in strong electric fields, in 
direct contact with compressed gas, and the performance of the 
reinforced sheaths with the high internal pressure of 200 lb/in 2 . 
The great difference between the two types of cables consists at 
present in the amount of practicalexperience 
are not much less than 1 000 miles route-length of oil-filled cables 
in operation, some of them for nearly 15 years. To the best 
of my knowledge,* there are not more than some 50 miles of 
gas-filled and compression-type cables installed, and experience 
with them extends to only 6-8 years. Thus the oil-filied cable 
is already an approved industdal application, wh^eas the gas- 
filled cable is still in its initial stage of development; 


Support of this view is furnished by the technical literature (e.g. 
by the papers of G. B. Shanklin, Transactions of the American 
Institute of Electrical Engineers ), where it can be seen v how 
designers of gas-filled cables hold different opinions, even on 
such fundamental matters as the pressure value, the use of 
strand-shielding, the thickness of paper tapes, and the use of 
lead sheath or steel pipe, etc. In contrast to this, the oil-filled 
cable seems to have already attained a more or less standardized 
design. No definite judgment of the economic aspect of the 
cable-type described in the paper is possible, without data of the 
cost of complete installation, as compared with oil-filled cables 
for 66 and 132 kV and solid-type cables for 33 kV; such data are 
unfortunately missing from the paper. 

It seems that the high gas-pressure used may be the main 
source of troubles on longer operation (no quick-ageing stability 
tests can completely simulate actual operational conditions), and 
this is definitely a factor which considerably increases the cost. Is it 
really necessary to use as high a pressure as 200 lb/in 2 ? All t]je 
advantages in comparison with solid-type and oil-filled cables 
could apparently be achieved in gas-filled cables with pressures 
as low as 15-35 lb/in 2 . Higher pressures merely allow a further 
reduction in insulation thickness, such reduction being limited by 
the requirements of impulse strength, and any resulting economies 
are offset by an increase in cost of the sheath reinforcements. 
Particularly for voltages of 33 and 66 kV, the gas-filled.cable with 
200 lb/in 2 gas pressure does not appear competitive with other 
cable types. 

It is surprising to find that there is a fundamental difference 
between the authors’ data in Fig. 3 and the corresponding 
ionization figures given by Shanklin (in his data the ionization 
stress at 200 lb/in 2 is about 80 kV/cm). I should be obliged for 
a comment on this point, as this represents, after all, the design 
basis of the gas-filled cable. 

Could the authors also give information on how their type of 
cable compares with solid-type and oil-filled cables, in respect of 
the thermal time-constant which is decisive for the overload 
capacity of cables? 

Mr. F. Linley: To those concerned mainly with the practical 
aspects of cable use, the very simple construction of the authors’ 
cable and its freedom from external complication will be noted 
with satisfaction. If the cable justifies the authors’ claim that it 
will work satisfactorily up to 264 kV, mains engineers will owe 
them a heavy debt. 

The authors state that the lower the gas pressure within the 
voids formed as a result of a temperature cycle, then the more 
susceptible they will become to ionization. Surely this state¬ 
ment should be considerably qualified, as when considering 
vacuous spaces it is found that the harder the vacuum the higher 
the dielectric strength of the void. Further information is de¬ 
sirable on the mechanics of void shapes in the cable after it has 
been subjected to bending and after such control of the careful 
positioning of the voids in the dielectric, which they have when 
it is being manufactured, has been lost, as well as on the effect of 
creasing and wrinkling of the paper which are unavoidable. 

In 1939, in Paris, the authors advocated ribbed paper for the 
control of the gas spaces. Has this been found to be unsatis¬ 
factory, as it is not embodied in the present paper? Do any of 
the existing installations incorporate this type of paper? Its 
elimination is to be welcomed, for it is most undesirable that the 
safety of transmission should depend on the permanent wrinkling 
of a paper strip. 

The emphasis laid on the necessity for the, correct design of 
stress buffers at the screen termination of the cable deserves ^un¬ 
qualified approval, as the importance of this featifre is not always 
/fully appreciated. Do the authors consider it possible that, after 
the joints have been installed for a long time, the holes leading 














to the gas-transfer pipes from side to side may become choked 
by the high-viscosity compound used in the joint’ It is aZ 
dated that the crutches of the joints are taped and should noi 
teak, but such mishaps occur even in the best-designed systems 
Should the transfer pipe from side to side become clogged and gas 
- leaks occur further down the line, the results would be serious 
How is it ascertained that the air has been completely expelled 
from the cable when the gas has been introduced in the factory? 
If, because of maintenance or.some other reason, one of the centre 
joints of, say, 10 miles of cable has to be dismantled and remade 
it would apparently be difficult to make sure that all the air had 

been removed fromtheadjacentcableaftercompletionof thework. 

Mr. H. G. Bell: The demand for cables working at higher 
pressures has increased considerably in recent years, partly owing 
to the increase in loads generally and the resulting necessity of 
handling large amounts of power in very restricted spaces. In 
considering the use of high-voltagecables as againstthe use of over¬ 
head hnes the special properties of cables require consideration. 

In the early days of the Grid the capacity of the overhead lines 
occasionally caused trouble in connection with voltage control 
but with the growth of load this difficulty has largely disappeared’ 
Any extension or replacement of the Grid by high-voltage cables 
would introduce problems due to the high charging current of 
the cables, and some means of compensating for this charging 
current would then certainly be necessary. 

The second factor of importance is the low reactance of cables 
as compared with overhead lines. In the operation of an ex¬ 
tensive interconnected system, the reactance of overhead lines is 
a most important factor in limiting the rupturing duty to which 
switchgear, at any point may be exposed. When cable of prac¬ 
tically negligible reactance is used to interconnect large load 
centres, the level of fault at each centre will be materially in¬ 
creased. In one local instance, where a length of 132-kV cable 
has been installed, it will almost certainly be necessary to insert , 
artificial reactance in the cable circuit for this reason. 

I have no doubt that the manufacturers of high-voltage cables 
are capable of producing a perfectly sound and trouble-free 
caWe. If any trouble is experienced in practice it will almost 
certainly be due to joint and other accessories, and particular 
attention should be paid to the various accessories upon which 
the continued satisfactory operation of the main gear so materi¬ 
ally depends. 

Mr. H. Shackleton: In Section 3.3.2, movement of and me¬ 
chanical stress on the papers during bending of the cable are 
stated to be proportional to the distance from the cable centre. 
Would it not have been more correct to say that movement and 
stress are proportional to distance from the cable centre multi¬ 
plied by the cosine of the angle between the plane con tainin g the 
axis of the bent cable and a diameter through the point under 
consideration? Clearly movement and stress are greatest at the 
inside and outside of the bend, and least on a diameter at right 

angles to the plane in which the cable is bent. 

In Section 4.2.1 it is stated that any defects in the raw' roll of 
paiper can be seen by the machine operator. The use of some 
form of photo-electric or other scanning device to operate an 
alarm in the event of a defect being traced, would appear to have 
many advantages over the present method. 

From time to time a certain amount of difficulty has been 
experienced in installing the larger 3-core S.L. solid-type cables, 
and it is unlikely that the reinforcing tapes of the gas-filled : 
cable .will facilitate handling (4.5). • --ji 

Location of gas leaks (8.4) appears to be slow and costly. j 
Loss of gas pressure may result in electrical damage so that an < 
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1 ?T„° r b ^ th i h would a PP ear to be necessary, first of all to 
carried out at 250 lb/m 2 and extends over two days. Finally a 

ca°r! a v 8 out e S^ eqUired - • The j ime teken to locat ® * fault and 
and tests wm be appreciabiy ionger 

A . Uc °ck: The authors’ leadership in this particular field 
attention to tjiree main features. In the 

nmHnlt'fi’ gaS : m l ed cable with its reinforced sheathing is a 
product finished in the factory under scientific control at all stages 
of manufacture, without any reliance being placed on its further 
dur “S installation. Secondly, no external equip- 
S t s . uch as oil reservoirs, are required, and, thirdly, there is no 
migration of the impregnating compound from the higher to the 
ower levels of the cable route. There is consequently no need 
to provide special barrier joints. 

It must be nearly 50 years since Mr. Beaver introduced his 

method of imprecating cable papers, and this further application 

aiJif K me ? 6th0d 1S especiaUy noteworthy. Attention has 
aheady been drawn to the pioneer installation of long lengths 
of vertical-shaft cables which have been in satisfactory opera¬ 
tion at 22 kV for many years in South African gold mines without 
any evidence of migrating compound. 

• ^ ^ Ps “-tington: The authors’ design of straight-through 

joint in which the whole of the insulation is under compression, 
thereby reducing any tendency to ionization, is superior to con¬ 
temporary designs for solid-type cable. It does not appear, how¬ 
ever, to provide positive gas-filling of the joint insulation ; for, while 
016 surf f ce of the a PPlied insulation is in contact with the 
gas-ffiled conductor, the outer surface is sealed off by compound 

and it is difficult to appreciate how the occluded air in the applied 

insulation is dispersed. What are the authors’ conclusions as to 
the desirability of extending the gas-filled dielectric technique to 
• the joints? Regarding the use of silk tapes in conjunction with 
paper tapes, for homogeneous joint insulation it would appear 

preferable to use paper throughout, 

Mr. J. H. Pirie: To illustrate one situation in which a gas-filled 
cable may be installed, Fig. A shows part of a cable route covering 


300 600 900 1200 1500 1800 2100 2400 2700 3000 
' Yards 


a distance of 2 660 yd and a difference in level of 530 ft; No 
specially-designed fittings, such as barrier stop-joints or reser¬ 
voirs, arerequired, the standard form of joint being used through¬ 
put* This installation has now been in service for about 5 years. 


ia. me 7 1 . > * ~ ***-Am* uiaumauun nas now oeen m service tor about 5 vnar* 

electrical fault *in addition to a gas leak, may-have to be located. awvi^ioraoouiD years. 

^ately.thetwo faults will probably be fairly close together. [The authors’ reply to this discussion will be found on 
After repair of a fault involving gas leakage or. electrical break- page 369.] on 
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SHEFFIELD SUB-CENTRE, AT SHEFFIELD, 15TH DECEMBER, 1943 


Mr. A. Ledsom: In Sheffield we have a considerable length of 
gas-filled cable installed on our primary system. No difficulties 
have been experienced in the handling of this type of cable, since 
the drums are delivered without reservoirs or other attachments; 
nor has there been difficulty in the installation of the cable, 
whether it be on concrete posts, laid direct or drawn into con¬ 
duits. In fact, we have had less difficulty installing gas-filled 
cable than the solid dielectric type, as there is less weight for a 
similar capacity and the cable is more flexible. 

No greater care is required when jointing gas-filled cables 
than with other types, since at all times the maximum care must 
be exercised when jointing high-voltage cables, but our ex¬ 
perience has been that an extra day and a half must be allowed. 
This is due, in a large measure, to the [extra taping which this 
type of joint demands. I should like to ask if, on account of 
the time spent in wrapping the paper and silk tapes round the 
conductors, there is any risk of moisture being transferred from 
the jointers’ hands to these tapes? Also, is there any possibility 
of our realizing an ideal gas-filled joint in which the compound 
and tapes can be entirely dispensed with? 

If the lead sheathing of the cable were to be pierced, the amount 
of labour required to locate the gas leak would be considerable. 
The ground has first to be opened at each of the selected gas- 
pressure testing points and then trenches excavated until the 
puncture is revealed. I suggest that, when the faulty cable 
section has been cut out, half joints of the barrier type be made 
on the ends of the assumed sound sections and the sections 
gassed up. This method would prove whether the gas leak 
located was the only gas leak on the feeder. The remaining 
halves of the joints would be completed after the replacement 
length of cable had been installed. When testing, it is essential 
for the gas to be passed from one end of the cable only, to make 
certain that there are no obstructions to the gas flow throughout 
the entire length. 

Mr. B. Calvert: Little space has been devoted in the paper to 
gas-leak location, but once the cable is installed, a distribution 
engineer’s main worry is the possibility of breakdown, and the 
job of locating a leak is a lengthy one. The excavation and 
cleaning of joints,, and the fitting of test domes and gauges, take 
a considerable time, and waiting periods are necessary for gas 
conditions to settle after loss of gas in performing some of these 
operations. Further delay is caused in transferring test gauges 
from joint to joint. It appears that the process could be speeded 
up in various ways, for example, by using three gauges simultan¬ 
eously. Care must be taken on very small leaks as readings may 
be affected by temperature changes or gas blockages in joints. 

The method described locates the leak to a length between 
the joints. I should like some information on the technique of 
checking for gas emission with a two-sheath cable, and the 
apparatus used for applying gas pressures between the two 
sheaths. With a single-sheath cable, the trench between joints 
is flooded to detect the leak. This may be simple enough on 
level ground, but there are obvious difficulties on inclines. Have 
the authors any other method to offer for single-sheath cables? 

If the leak is large a location may be possible by observations 
of the pressure gauges at each end of the cable. I have carried 
out an experiment on a length of 3-core cable, which I should like 
to describe. Taking a length AB (Fig. B) of the cable and 
allowing gas to escape rapidly at the point X, the pressures at 
each end of the cable will fall at different rates. The curve A 
refers to end A of the cable where the pressure falls more rapidly 
since it is^ nearer the leak. The portion ODE of the curve is the 
time during which the gas is adjusting itself to the pressure 
curve shown in Fig. 19 of the Paper. This must be ignored 



and the point E taken as the commencement of pressure fall. If 
now we take, say, a pressure of 6016/in 2 on the curves, then the 
ratio E'F/E'G is approximately equal to AX/XB in this par¬ 
ticular case. Further tests with different speeds and positions 
of gas leak are required, however, to find if there is any value in 
the idea. Have the authors carried out such a series of tests on 
a completed installation, for every effort should be made to 
improve the methods of leak location? 

Mr. H. R. Mabbott: Whaf length of this type of cable is in 
service in this country? In the district in which I am interested, 
the route length, is approximately eight miles. Sheffield has, I 
understand, more than this. From the route length given in the 
paper, it would appear that there is only a small mileage outside 
Sheffield and North Derbyshire. Can the authors account for 
the small amount of this cable in this country? 

From the remarks of earlier speakers, our experiences are on 
very parallel lines. After some years of usage, I consider this 
type of cable to offer a good and reliable transmission medium. 

The previous speakers have mentioned the trouble occasioned 
by the gas leak. To my mind, this might be termed a very 
desirable form of trouble, compared with that of insulation 
failure. Can the authors confirm that there has been no case 
of insulation failure on a gas-filled cable? If we have really got 
rid of our electrical failures and all that follows in their train, 
then I feel we have taken a big step forward. 

The gas leak tends to be treated as a serious emergency and, 
in consequence, pressures are immediately disturbed by the 
removal of domes or the injection of gas. This often completely 
seals up the leak. In a cable of this type, it is important that the 
location of a leak should be possible without disturbing the condi¬ 
tions inside the cables. To do this, I suggest that manholes 
should be fitted over each joint, giving access to robust vafve gear 
which would control each length and also the cross flow. 

In Derbyshire we have rather unusual contours for cable 
routes. One cable rises 500 ft in approximately one mile, and I 
suggest that no other type of cable would give such satisfactory 
results under these conditions. 

Mr. R. M. Longman: In this area, the Central Electricity Bfiard 
have five short lengths of 66-kV cable, somewhat similar in type to 
that discussed by the authors. The main points to be considered 
are: (a) what reasons are there to justify the additional cost of 
such cables, and are they capable of being operated atTbdglier 
current densities, i.e. greater kVA loading; andwhatsis the 
liability to damage and the cost in money and idle time necessary 
to effect repairs? 
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If cables of any new experimental types are to be thoroughly 
tried out they should be installed in positions where they 
can be regularly subjected to both heavy and light loading periods 
All cables, however carefully laid, may be subject to mechanicai 
damage from external damage. Have instances of such damage 
actually occurred and, if so, what was the nature and extent of 
the damage and the time necessary to complete repairs and to 
put the cable again in full commission? This is surely a vital 
point. Much has been said about gas leaks. How long can a 
gas leak exist and how low can the gas pressure drop without 
endangering the cable as a whole? How can small leaks be 
detected? Has a cable actually failed whilst in service entirely 

owing to a gas leak and loss of pressure? 

Mr. W. E. B. Nettleton: The termination of a gas-filled cable in 
switchgear presents difficulties, and an alternativemethod adopted 
at Sheffield is to terminate the gas-filled cable in a barrier joint 
of the type shown in Fig. 13. The three solid single-core cable- 
tails from the barrier joint are then connected to the switchgear 
in the usual way. The gas equipment is simple and similar to 
that described in the paper, except that there is an additional 
pressure gauge which is connected to the solid side of the barrier 
joint to give warning of any gas leakage across the joint. The 
equipment is inspected weekly, and the gas pressures recorded. 

By this means a check is kept on the gas-pressure system and any 
alteration is quickly noted. If the gas equipment is erected in a 
gas pillar out of doors, it is advisable to provide some heating 
otherwise the damp atmosphere may cause the gauge pointers to 
stick, the gauges then giving unreliable readings. It has been 
found a distinct advantage to erect the gas equipment inside a 

of cap nuts on all the valves to prevent gas leakag^viaffieralve 
" . ease ® the previous feeling of caution in the users’ minds in ex- 
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service breakdown, but has emphasized the need for improvement 
in gas-leak location and procedure generally. I prefer the 
advance warning given by a gas leak to a service breakdown, but 
the leak must not be left too long without attention. 

If something is wrong with an important feeder, it must be 
taken out of commission for investigation, and then difficulties 
begin. In one case of gas leakage in a direct-laid cable, three 
months elapsed between taking out and putting back into com¬ 
mission. In a second case of bomb damage, the period was two 
months. We are accustomed to much more accurate and speedy 
handling of electrical faults than is at present possible with gas, 
and the manufacturers of the cable must concentrate on b ringing 
the gas characteristics of the cable to the same high level as its 
electrical characteristics. Will the authors state the lowest 
temperature at which this cable can be safely handled? 

Mr. R. H. Coates: Previous speakers have dealt with the prac¬ 
tical points of this cable and, bearing in mind that they represent 
users of most of the 33-kV cable of this type laid in this country, 
and that their views are based on some years of experience, their 
comments carry considerable weight. I would, however, like to 
raise some technical points. * 

In 1935, two papers on the mechanism of the breakdown of 
cables were presented to The Institution by D. M. Robinson* and 
L. G. Brazier.f and the theories then propounded are, I believe, 
now generally accepted. 

From the point of view of cable failure due to excess electrical 
stress, the authors go to great lengths to show how they have 
scientifically designed their cable to give very accurate control, 
and. its clean sheet” achieved to date is not surprising. We 
have, in fact, a cable that will not break down owing to electric 


Regarding the American scheme described in the paper, can 
the authors say what precautions are taken to protect the cable 
cores when pulling them into the steel pipe, and also what pre¬ 
cautions are taken to support the cores in the pipe against 
stresses due to short circuit? 

Mr. A. Haddock: A previous speaker has pointed out that gas- 
filled cable can be laid without special precautions on routes 
which include steep contours, but solid-type cable made by the 
same manufacturer is already suitable for such contours without 
special precautions. The advantages which led to the choice, in 
1938, of gas-filled cable for transmission of large blocks of load 
at 33 kV from generating stations to city centres were economic 
ones. With 33-kV solid-type cable, previously used, 0* 30-in 2 
3-core had been regarded as an upper limit in size for physical 
reasons-* This cable has a rating of 15MVA and as the dis¬ 
tances were short, switchgear costs tended to be high (20% to 
40 %) relative to feeder costs. 

A 0-40-in 2 3-core gas-filled cable is no larger overall than 
0* 30-in 2 3-core solid cable, and has a rating of 27 MVA. Its 
adoption effected a saving in switchgear costs per kVA and also 
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ceeding permissible loadings as published, which are undoubtedly 
conservative, and it is .to be regretted that the authors give little 
information on the thermal instability of this cable and its per¬ 
missible temperature of operation. 

Section 10 notes that bad thermal conditions do not affect this 
cable detrimentally, which sounds too good to be true, or does 
it mean that the cable is normally much under-run? 

Cables, speaking generally, are the one item of plant the supply 
industry uses without full-load temperature tests after installa¬ 
tion. . Having myself carried out several such tests on large cable 
circuits while in commission, and found very great variation in 
their thermal condition, I feel that any improvement in cable 
construction that, enables us to consider operating temperatures, 
without any fear as to their effect on the electrical properties of 
the cable, is an important step forward. 

Will the authors give further information as to the impulse 
strength of their cable, since E.R.A. Report L/T125 c omments 
unfavourably on dry cables? In Section 3.3.1 figures are given 
of the maximum electrical stress of gas-filled cables. What are 
the corresponding figures for standard 33-kV and 11-kV solid 

__ A.' _1 -t. .in t . 


a^slight: saving in cable costs per kVA. Eight feeders, totalling cables, particularly belted types, as Fig. 3 would indicate & Sat 
T _ t ~? 3X6 no ^ m commission in Sheffield, all of the single they are all operated above their ionization stress? 


lead-sheath type. I agree that the later type with the two lead 
sheaths should be standardized for future use. 

Much has been said about gas leaks and it has been suggested 
that, this point has been over-emphasized. I cannot agr ee 
Operating experience in Sheffield has not included an electrical 


Finally, in Section 3.3.3 the thermal resistivity of the dielectric 
is given at 200 lb/in? What is it at 100 lb/in 2 and 14 lb/in 2 ? 

_ * “The Breakdown Mechanism of Impregnated Paper Cables,” Journal 1935, 
77$ p« / v» 

• t “The Breakdown of Cables by Thermal Instability,” ibid., p. 104. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 


Messrs. Q. J.Beaver and E. L. Davey (in reply)’. We shall deal 
first with those points which have been raised by more than one 
■.speaker. 


Gas-Leak Location: In practice this has seldom to be fa ced , 
but we agree that the present method of locating a gas leak is slow 
and involves much labour. We hope that it will be possible, in 
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the near future, to put forward an improved method of location, 
not involving opening up the cable system. When a dome is 
removed while die cable is under full gas pressure, the pressure 
within the joint insulation is relieved by the gas path afforded 
by the pipe from the sheath to the dome. On double lead-' 
sheathed cables if a leak occurs in the inner sheath while the 
second sheath is intact, the gas will eventually leak out at the 
terminal ends of the second sheath where blow-off valves would 
be provided. If the second sheath is not intact, gas is injected 
at each end of this sheath and the flow is measured at joints to 
locate the defect in it. 

the method of gas-leak location put forward by Mr. Calvert 
(p. 368) indicates the position of very large leaks, but the main 
difficulty with the method is the determination of the point (E) 
on the graph. We have not done many tests with this method 
as we are developing other methods of leak location. 

Cable under gas-leak conditions . Provided the gas pressure 
does not fall below 125 lb/in 2 (gauge) we consider that the 
cable will not be damaged by ionization. In general with a 
small leak, the gas pressure immediately under the sheath at the 
defect is appreciably higher than the atmospheric pressure. 
Nitrogen from a leak percolating into cellars, ducts pr man¬ 
holes would cause no trouble. Under leak conditions the 
pressure distribution in the cable, as shown in the paper, is inde¬ 
pendent of the absolute gas-flow resistance of the cable, pro¬ 
viding it is uniformly distributed; it has not been necessary to 
use extra gas channels to ensure that the drop of pressure with 
a leak is communicated rapidly to the feeding points. These 
remarks apply only of course, to the pre-impregnated gasffilled 
cable. 

Referring to Mr. MacQueen’s remarks (p. 364), we agree that 
with a gas leak occurring when the cable is at the maximum 
temperature of 80° C, the pressure will fall to 180 lb/in 2 before 
the alarm operates. If the temperature is maintained, then the 
gas density at the conductor surface will fall to 81 % of the value 
corresponding to a conductor temperature of 15° C. Con¬ 
verting this into a change of pressure so that a comparison can 
be made with Fig. 20(Z>), the equivalent gas pressure at the 
strand would be lOO lb/in 2 (gauge) at 15° C. Assuming a sheath 
temperature of approximately 50° C, the gas density here would 
be 90% of that at 15° C, equivalent to 13*5 lb/in 2 (absolute) at 
15° C. Thus an equivalent pressure durve can be drawn in 
Fig.20(£) starting from 100 lb/in 2 (gauge) at the strand and ending 
at 13 *5 lb/in 2 (absolute) at the screen. Itcanbe seen that a small 
extra portion of the dielectric ionizes close to the leak, but that 
would not be serious. Mr. Ledsom’s suggestion (p. 368) regarding 
the checking of assumed sound sections of the cable after removal 
of a leaky length would offer advantages, if practicable. 

Lead sheaths: The more important duty of the second sheath 
is to protect* the reinforcing tapes against chemical corrosion. 
We prefer this method of protection to any other known to us. 
Cold working of the sheath occurs when it is distended beyond 
its elastic limit and then distorted back later during the working 
of the cable. Pure lead is generally used Tor the pressure- 
retaining sheath, while for the outer sheath that alloy is used 
which best suits the Conditions.We agree ti^ integrity of 
the outerTead sheath is necessary to protect the metallic rein¬ 
forcements, but this is a normal cable problem. 

Surge strength: Under surges, when the gas-filledgapsare 
ionized, the electric stress is applied wholly to the impregnated- 
paper insulation, but the electric strength is ample from this 
aspect, especially in view of the surge-absorbingproperties oTthe 
cable as mentioned in our reply to the London discussion. The 
flashover of the horns or rings on the sealing ends should occur 
before any other part of the cable system breaks down. A ggts 
filling, instead of an oil fillin g, for the butt spaces gives a lower 


surge breakdown stress at atmospheric pressure, but the appli¬ 
cation of pressure brings the stress nearer to that of the oil-filled 
cable v Other means are also available for increasing the surge 
strength of the pre-impregnated paper part of the gas-filled 
dielectric. 

Gas charging of the cable: About 1 to 2 days are required to 
charge up one mile of single-core gas-filled cable, when it is sub¬ 
jected to the full gas pressure for the first time after it has been 
installed. Routine gas-pressure tests are carried out in the 
factory at 30 lb/in 2 (gauge). Gas-pressure tests on sections of the 
cable during installation are desirable, provided they do not 
affect adversely any other part of the installation. It is per¬ 
missible to allow a pressure difference of 50 lb/in 2 on a 220-yard 
length of 66-kV 3-core gas-filled cable during the charging, to 
show that there is no complete barrier to gas flow. When first 
charging an installation, the pressure should be raised in steps 
of 25 lb7in 2 /hour; later it is permissible to recharge in steps of 
100 lb/in 2 /hour. Gas-feeding stations are recommended at dis¬ 
tances of 2 to 3 miles to accelerate gas charging. After a repair 
has been completed the gas pressure is applied at the higher rate 
given above. The air is expelled from the cable while in the 
factory; this does not affect the length of cable which can be 
manufactured, for our stability tests indicate that the air is re¬ 
moved from the cable efficiently. In service, if a joint is dis¬ 
mantled, gas will be slowly emitted from the cable dielectric over 
a long period of time and this emission prevents the entry of air 
into the cable. 

The fully-impregnatedpressure cable: The disadvantages of using 
the so-called fully-impregnated dielectric for gas-pressure cables 
are higher permittivity and dielectric loss, while higher gas 
pressures will be generated during heating cycles. Gaps or 
butt spaces must be left between adjacent convolutions of paper 
lappings in this cable as in all cables, for the mechanical reasons 
explained in the paper.* These gaps in the fully-impregnated 
cable may be initially full of oil, but in service in vertically run 
sections this oil will drain when the cable is heated to 80° C, 
and the ionization stress of the drained portion will conform to 
the gas-filled-cable dielectric laws, i.e. it will depend upon the 
thickness of the gas film as controlled by the individual paper 
thickness and also on the gas pressure. A stability test on such 
a cable should test the cable in a vertical position with the upper 
portion isolated for dielectric power-factor tests, so that the 
electrical characteristics of a drained portion of the cable are 
obtained.! We do not think that under these conditions of test 
an ionization voltage of at least 4 times the working voltage will 
be obtained. Tests taken on the complete installation, i.e. the 
fully-impregnated part and the drained part, will give apparently 
higher ionization , voltages since the sensitivity of the test set-up, ^ 
as regards the detection of ionization, will be reduced or masked 
because the fully-impregnated portion is in parallel with the 
drained portion of cable. 

A very great drawback arising from the use of the fully- 
impregnated dielectric for a gas-pressure cable is, in our opinion, 
that in the event of a gas leak the free oil would move within the 
cable sheath and would choke the joints and gas-feed channels 
and thus render gas-leak location very fortuitous. 

Tests: We confirm that the dielectric power-factor/voltage tests 
can be carried out at the alarm pressure up to twice normal 
working voltage. The one-minute a.c. breakdown vbftage 
of a gas-filled-cable is approximately five times the working value. 
The breakdown of the gas-filled cable under high a.c! voltages is 
no more fortuity A normil design* 

such as we have manufactured in the past, will^withstand four 
times the working voltage* for 15 minutes; breakdown when it 

♦ See also Robinson, D. M.: ‘‘Dielectric Phenomena m H.V. Cables,” p. 30. 

. : H Ibid., p, 95. c,/•••. • . , 
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occurs is found to be due to excessive heating caused by the 
ionization loss in the gas spaces. Clearly no such condition can 
occur .in service with the continuous imposition of a working 
voltage well below the ionization value, and the occasional im¬ 
position of unidirectional surges up to several times the working 
voltage, but only of about 50 microseconds’ duration 


Mr. Burgess .—The joint boxes are sealed by applying a 
thermoplastic compound seal on the pressure side of a cork or 
cork-rubber gasket. We have never used the thermoplastic 
compound alone. The arrangement described in the paper has 
been used on every joint and sealing end installed on our gas- 
filled cables. 


Replies to Points of Individual Interest. 

Prof. Mar chant. We are very glad to have the reference to 
the work of Mr. E. A. Watson in 1909 on the electric strength 
of compressed gases. ' 

Mr. Bell.—We appreciate the importance of the design of 
joints and other accessories, and we realize that continuous 
attention should be paid to the development and improvement 
of these accessories. 

Mr. Cave.— We have used the description “gas-fiiled” for our 
cable since all the space within the lead sheath not occupied by 
copper and impregnated paper is filled with gas, but we do not 
think that the term should be used for other types of cables since 
these are really semi-oil-filled and semi-gas-filled. The adjustment 
of the ratio of compound to gas volume is not automatically 
effected by sheath distension if the initial ratio is incorrect, but 
causes an increase in the internal pressure at high temperatures- 
this is one of the drawbacks of the so-called fully-impregnated 
pressure cable. 

Mr. Crocker .—The gas-filled cable is an economical proposi¬ 
tion for 33 kV, but relative costs can only be given for specified 
conditions. Approximately 4 days are required to make a 
132-kV joint. The cable will run satisfactorily for 24 hours with 
one phase of the system earthed. Joints made between papers on 
m the lapping machine do not involve more than 2 paper thicknesses 
at any part of the joint. 

Mr. Orchard. —We agree that 132-kV single cores can be used 
at the same stresses as 132-kV 3-core cables, and a comparison 
between them should be based on the same operating electrical 
stress. We use flexible conducting tape to ensure a perfect joint 
between the screen and the conducting material used to continue 
the screen across the joint. This tape is a graphitic-coated bias- 
cut silk tape with a breaking stretch of 30% and ensures that a 
perfept joint is made between the screen termination and the 
conducting material over the joint. We confirm that this tape is 
satisfactory for the screening of joints. The power-factor/voltage 
curve of a 132-kV joint alone would be flat up to 152-kV to 
earth; the corresponding value would be about 0*0070 at 15° C 
and 0*0100 at 80° C. ’ f 

Mr. Macdonald. —The gas-filled cable does not behave any 
m differently from other types of cable as regards dissipation of 
* heat generated and the effects of various conditions of laying. 
The percentage of rejects of brass sleeves is very low, and although 
we have treated porous sleeves we have not found them to be 
satisfactory in operation. 

Mr. Qunn .—The bending radius of the cable is exactly the 
same as for solid cables. 

Mr. Richardson .—The drying temperature of the paper is about 
250-300° C; drying takes about three seconds. The first 100 
papers are applied in the same direction. The vacuum obtained 
in the impregnating machine is within about Or 5 in of absolute, v 
Mr. Lightle. —The speed of the paper through the drying and 
imprecating machine varies from 30 to 50 ft/minute. ; *7 

Mr. Fletcher .—The total amount of compound inside the cable 
sheath is about 35-40 % of the volume; thus the amount allowed 
on the drainage test is quite small and will not affect the opera¬ 
tion of the catjje in a vertical position. No gas known to 
the authors is superior to nitrogen for filling. Helium has a 
much lower ionization stress than nitrogen and hence would be 
uneconomical to use in a gas-filled cable. 


Dr. Miller .—We agree that it may be an advantage to install 
gas-filled cables for low voltages in situations where compound 
migration is to be feared. The greatest objection to the develop¬ 
ment of the vacuum cable is that if the cable is damaged or 
punctured then, in normal situations, air and/or moisture would 
rapidly be sucked into the cable dielectric and the latter com¬ 
pletely ruined. We agree that the replacement of impregnated 
paper with synthetic materials and also the introduction of 
gases superior to nitrogen may be expected within the next few 
years. 

Dr. Meek .—We do not think that the breakdown gradient 
between insulating surfaces would increase as rapidly with 
pressure as the gradient between metal surfaces, since the break¬ 
down in the former, case might arise from fibres projecting from 
the surfaces of the papers; breakdown might also occur across 
the edge of the space, although the effects of fringing would 
reduce the stress in this region. Under d.c. conditions i oniza tion 
does not occur in a void within a cable dielectric, since the 
leakage current through the solid dielectric is extremely low. If 
the d.c. voltage is raised rapidly enough, initial transient dis¬ 
charges occur in the void until the space charge formed in the 
/void lowers the stress sufficiently to preclude ionization. We have 
not calculated the mechanical forces of attraction between 
opposite sides of the voids due to the presence of space charges, 
but it is possible that this might influence the bowing of the 
papers in the centre of the butt spaces, and hence cause the 
breakdown paths to be located away from the centre of these 
spaces, as described in the paper. The vacuum cable is referred 
to in our reply to Dr. Miller; other drawbacks are the difficulties 
of terminating the cable and of ensuring that the requisite degree 
of vacuum exists throughout. 

Mr. Eventually the gas-filled cable will be a good 

economic proposition for use at 33 kV. Handling or bending 
has no effect on the dielectric of the cable. The approximate 
weight of 33-kV 3-core 0 • 3-in 2 cable is 45 lb/yd, and the maldmum 
drum length 300 yards. 

Mr. Szwander. —From the economic point of view, a pressure 
of 200 lb/in 2 is definitely necessary for gas-filled cables. The 
differences between the ionization stresses given in our Fig. 3 
and those given by Shanklin is probably due to the differences 
in the permittivities of the dielectrics and in the maximum radial 
thicknesses of the gas spaces therein. Our data' have been 
checked by independent authorities. The only difference 
between the cable and solid and oil-filled cable from the thermal 
time-constant aspect is that there is 20-25% of gas, instead of 
oil, space within the sheath. 

: in gas 

spaces is below a certain very low value, then the dielectric 
strength of the space increases with further lowering of the 
pressure, but we do not think this condition obtains in a normal 
solid-type cable. The ionization stresses given in the paper were 
taken after installation in the laboratory and thus included the 
effects of bending, creasing and wrinkling of . the papers. No 
evidence has been found of penetration of the joint compound 
into the cable via the taped crotches. 

Mr. Shackleton.— In considering bending we have taken the 
maximum movement and stress occurring at the inside and out¬ 
side of the bend, and dealt with the worst case for obvious 
reasons. We do not recommend SX. gas-filled cables/except 
when they are convenient or absolutely necessary. / 
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Mr. Partington .—The small quantity of air included in the decrease of gas density occurs at the conductor surface at high 

joint insulation eventually diffuses through the cable system; the temperatures. The presence of free compound in a gas cable is 

quantity involved is minute compared with the cable gas space, detrimental to the flow of gas. The joint compound m very 

We consider that the gas-filled cable technique is applied to joints, viscous at the maximum temperature of operation, and our ex- 

except that in the 132-kV joint, compound is used as a dielectric perience indicates that the silk-tape-lapped crotches form 

in the outer portions. We find no drawback to the use, in effective compound seals. 

laminations, of a mixture of sound dielectrics. Mr. Ledsom.—We do not think that there is any risk of moisture 

Mr. Buckingham .—The jgas-pressure thrust in the sealing end being transferred from the jointers’ hands to the jointing tapes, 

is transferred via the upper metal ring, porcelain, and lower A joint filled solely with gas would suffer from the disadvantage 

metal ring, to the base-plate and thence to the sealing-end of having a low surge strength, and there would be the risk 

structure. of discharge occurring along the pencils, due to the vastly dif- 

Mr. Sayers. —Cable-system costs can only be given for specific ferent permittivities of the gas and the cable insulation. The 

cases and for definite material cost bases. We think it necessary tape lappings also have the advantage of centralizing the con- 

to compound-fill joints in order to provide a second line of ductor in the joint. 

defence against gas leaks and a means for determining the Mr. Mabbott.—The route described for the particular cable in 
direction of the gas flow at the joints in the case of a leak, so Derbyshire is one for which the gas-filled cable is eminently 
that it can be located. suitable. 

Mr. Kibblewhite. —Ionization occurs in the gas-filled cable Mr. Nettleton. —In the American scheme the lead sheath* is 
dielectric at about twice the working voltage; the service be- stripped from the cables as the latter ai*e drawn into the pipes 

haviour of systems which have been installed for some years which have previously been cleaned. No steps ar£ taken to 

indicates that this margin is ample to avoid deteripration at support the cores in the pipe against short-circuit stresses, 
working voltage. Mr. Haddock.—The cable can be handled safely at a tempera- 

Mr. Kingsbury.—Venting of the space between the inner and ture of 45° F. 
outer porcelains is provided in the sealing ends both at the top Mr. Coates.—Vie have operated the gas-filled cable experi- 
and bottom. The use of Freon or similar gases will probably be mentally at conductor temperatures of 100° C, as, compared 

mvestigated after the war. with t he rating of 80° C. The conductor-temperature rating 

Mr. Care.— The dielectric loss can be determined from the is limited by the thermal-expansion effect which depends upon 

dielectric power-factor curve in Fig. 17, coupled with the the average conductor temperature over the feeder length. The 

knowledge that the permittivity of the dielectric is 2-8-3*0. maximum electrical stresses for 33-kV and 11-kV solid cables 

The maximum conductor temperature is 80° C; we do not are approximately 35-40 kV/cm and 25-35 kV/cm respectively 

recommend any extra value to provide for overload rating. The thermal resistivity of the dielectric at 100 lb/in 2 is approxi- 

Mr. MacQueen. As stated in Section 5.1, no appreciable mately 5%, and at 141b/in 2 10%, more than at 200 lb/in 2 


DISCUSSION ON 
“FLUORESCENT LAMPS”* 


SHEFFIELD SUB-CENTRE. 

Mr. W. E. Burnand: I remember the Geissler tubes of 50 years 
ago, and how they glowed with a feeble excitation, having no 
apparent effect on a filament lamp, and the confident predictions 
that they represented the lamps of the future. Much later 
equally-confident statements were made that a solid was essential 
for efficient light production, but this seemed to be based on 
incomplete assumptions. The fluorescent lamp seems to be an 
intermediate and very useful step towards our goal of more light. 
As an apprentice, I rigged up about two dozen arc-lamps in a 
room about 10 by 15 ft. With all the lamps on, there was relief, 
not eyestrain, making manipulation of.fine wires easy. Heat was 
the limiting factor. 

In the fluorescent lamps, is the fluorescence of the powders 
used affected by their background, e.g. glass, metal, etc.? Would 
light production be more efficient if the powders could be kept 
in a state of suspension, the conditions then approaching those 
intheoldflamearc-lamps? Also, how does the efficiency compare 
with that of the ffame arc, and why does radio interference start 
only after the lamp has been burning a few minutes and increase 
for some minutes thereafter? / y r 1 - 

Mr. A. Haddock: I noticed that when the lamp with' the 

♦Paper by L. J. Davies, H. R. Ruwand W. J. S^CseeXS^S^^il^p, 44^ ■ 
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partly-coated tube was lit, the light given by the inside of the 
fluorescent-powder coating was much brighter than that visible 
on the outside. This suggests that increased efficiency .might be 
obtained if light could be radiated directly from an activated r 
surface, as well as the use of ceiling panels coated with fluo¬ 
rescent powder and protected by sheets of quartz with ultra¬ 
violet sources of radiation arranged so that the radiation im¬ 
pinged on and activated the panels. The sources of ultra-violet 
radiation should, of course, be shielded from direct observation. 
The panels would then provide an extensive light source approxi¬ 
mating very closely to natural sky lighting. 

Mr. G. H. Fletcher: In large installations is it not possible 
to use high frequencies, e.g. of 500 c/s, as this would appear 
to have a number of advantages? First, the choke coil, which 
is fairly large and expensive in a 50-c/s fitting, woi4d be induced 
very considerably, or if a capacitor were used instead of a choke 
coil a frequency of perhaps even 1000 or 2000c/s might 
be used which would reduce the capacitance required^to a very * 
small amount. The flicker so apparent with tjfis type of lamp 
on low frequency would, I imagine, be completely eli&inated 
at frequencies about 250 c/s or over. 

I can conceive conditions which would make it very difficult 












to use a tube 5 ft long, and I wonder whether it would be possible 
to bring it within a smaUer compass, say by bending the tube and 
making it spiral. 

Presumably, condensation of the mercury vapour takes place 
on the walls of ^e tubes, and I should like to ask whether part 
of this is absorbed by the coating, and, if so, whether such 
absorption has any deleterious effect on the coating. 

Mr. H. Beattie: I am familiar with an installation in a depart- 

onnromarl in +ha __I t*i . • » “ 
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comprises twenty-five 5ft fittings over an area of approxhnately 
1 500 sq ft. Efficient lighting of the test benches provided a 
probiem analogous to that of a piano, where good lighting on 
both the keys and the music is required. 

Observations of this system have been made over the past two 
years. Early experiments proved the importance of keeping the 
fittings clean, and a mean level of lOfoot-candles over the working 
plane was achieved. Tube failures and light output per tube 
were carefully logged, and to date there have been 51 failures 
with an average life of 1 500 hours per tube. The performance 
m this respect is rather fickle because 23% gave less than 1 000 
horns life, 57% between 1 000 and 2000, and the remaining 
20% survived more than 2 000 hours. One tube was taken out 
of service after 3 700 hours on account of poor output. It would 
^ e f, e ^ ore ® e - ena t ^ le authors’ expressions “percentage normal 
life’.’ and “twice that of a general-service incandescent lamp” are 
vague. 

My results bear some resemblance to curve (a) in Fig 22 
which I believe is another form of a “normal” curve. I agree 
with the authors that curve (c) is typical of the diminishing light 
output met with in practice. 

* In Section 5.1.5 and Fig. 14 the authors show the relative ripple 
Could the amplitude be expressed as a percentage, and if so, what 
degree of ripple would be considered injurious to the eyes? Have 
the medical profession conducted any experiments on fatigue of 
operators working under various forms of lighting? 

It might be suggested that the ripple could be eliminated by 
staggering the units over three phases. This has been done and 
is only partially effective. I contend that the ripple is only 
nulled at a point equidistant from the three phases; at other 
points, the nulling effect is further weakened by the inverse- 
square-law phenomenon. 

Mr. W. Fordham Cooper: To what extent is the stroboscopic 
effect and flicker dangerous as distinct from annoying with 
fluorescent tubes? It would seem that by adjusting the afterglow 
of the^fluorescent materials, i.e. making them to some extent 
phosphorescent as well as fluorescent, this could be largely over¬ 
come. Is. there any probability of this improvement being made 
in the near future? 

Mr. R. H. Coates: The detailed description of the new fluo¬ 
rescent lamp given by the authors reveals that a major advance 
in the science of illumination has been realized almost un¬ 
noticed. For the first time, lighting engineers are able to provide 
a hgnt of practically any wavelength or mixture of wavelengths 
and from a source of as low an intensity as desired. This means 
that the light can be adapted to the human eye and at once 
raises the question whether the medical profession knows suffi¬ 
cient about the eye to guide us in further developments. 

. Soflw of tfce difficulties are illustrated in the installation 

^ ® ea ttl e - For the type, of work involved, one mg i» ?o /„ ui uayugm ugures, mey win oe am 
nonty recommended 35 foot-candles, which seemed rather themselves on a highly successful performance. 
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excessive, particularly as we found by experiment that the pupil 
of4he eye contracts appreciably at 3 foot-candles, so that as the 
light is increased the eye will stop it down again. We decided 
on 10 foot-candles as a compromise, and with the standard 
fluorescent fittings this meant a height of 8 ft for the lamps, so 
that to remove the large unlighted area above the lamps, further 
ceiling fittings, using orthodox gas-filled lamps, were added, giving 
a further illumination at the working bench of 3 foot-candles. 

Before deciding on the final arrangement, I read a detailed 
description of the construction of the human eye and its methods 
of functioning; I would recommend all lighting engineers to 
study this subject. 

Have we a quantitative definition of dazzle? Apparently a 
vety small source of high intensity can cause dazzle, even when 
it is in the same range of vision as other sources of much hi gW 
total-light emission which have a lower brightness. 

Mr. E. G. Mackie: As a comprehensive treatment of the 
bearing of illumination on human vision is clearly impossible, I 
shall merely indicate some sources of information. In 1926, 
Lythgoe published a review, under the Medical Research 
Council, of literature on illumination and visual capacities. 
This is a publication of immense compression, but it is still an 
outstanding one for reference, and, with its bibliography, it gives 
detailed information on every aspect of the subject. 

Another ^publication of interest is a Stationery Office Welfare 
Pamphlet “Lighting in Factories and Workshops,” which gives 
the fundamentals of good lighting as: (1) adequacy; (2) suitability, 
(a) spread of illumination, (b) prevention of glare—from direct 
light in the worker’s eyes, from reflection from his material, or 
by a distracting highly-contrasted light source inside his visual 
field in the working position, and (c) avoidance of shadows, which 
is closely related to (a). 

Consideration of these desiderata indicates that they are all 
intimately related to illumination by point sources. In so far as 
fluorescent lighting provides- extensive sources of lessened in¬ 
tensity, it appears to me to have met all the points in that publi¬ 
cation, so that the paper may have to be re-written. It might be 
suggested that the fluorescent lamp represents a transition in 
lighting technique analogous to that which occurred in heating 
when it was realized that the “black panel,” an extensive, low- 
intensity source, was more efficient than the small high-intensity 
source. 

Mr. Coates has mentioned an experiment in which variations 

in lighting caused contraction of a subject’s pupils. The pupil is 
not of inverse size to the intensity of incident light'. The pupil 
contraction is the immediate protective mechanism. But real 
adaptation occurs in the retina by a rearrangement of the receptor 
elements (rods and cones) and the pigment epithelium, so that 
the latter surrounds and protects the receptors. When this 
retinal adaptation has occurred, the pupil enlarges again. 

The optimum candle-power, or the threshold of harmful effects, 
have been asked.for. From what I have said this is clearly most 
complex. Consider the high intensities successfully tolerated by 
man in natural surroundings, e.g. by our Middle East Forces, or 
in the Sudan. Harm, apart from point sources, is very unlikely. ‘ 
As regards working intensities, I feel that the quickest way to 
determine lighting needs is to measure industrial output. It is 
known- that in artificial light, output is broadly 10% lower than 
by daylight. When the authors see that output with their light- 
ing is 98 % of daylight figures, they will be able to congratulate 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. L. J. Davies, H. R. Ruff and W. J. Scott (in reply) : 
Since the paper was read in Sheffield the discussions at Liverpool, 


Newcastle, .Manchester and Birmingham have been published, 
together with opr reply. Questions concerning the life of the 
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lamps by Mr. Beattie, on stroboscopic flicker by Mr. Fordham 
Cooper, and on high-frequency operation and curved lamps by 
Mr. Fletcher are covered in that reply.* As regards the life- 
test results given by Mr. Beattie, our experiences suggest that 
these possibly occurred on early lamps and that later observations 
should be much more encouraging. 

Mention of the relative dispositions of powder and arc is 
made by Mr. Bumand and Mr. Haddock. Fortunately, ultra¬ 
violet radiation is transferred from all parts of the arc to the 
walls quite efficiently, so that fluorescent powder on the wall 
becomes adequately irradiated. While there is some loss of light 
due to absorption by the powder itself, which causes the inner 
surface to be brighter, the lamp output is also lower if one side 
of the arc tube is left bare; for a half-coated tube the decrease 
is approximately 25%. Greater losses are experienced if the 
fluorescent powder is put on external ceiling panels, since this 
entails further absorption of ultra-violet rays by the lamp 
envelope and by , dust deposits on both lamp and panel. 

* See 1943, 90, Part II, 478. 


The efficiencies of some flame arc-lamps and the fluorescent 
lamp are similar. 

Mr. Bumand and Mr. Wardale refer to radio interference 
caused by the lamps. The source is ionic and electronic radio 
frequency oscillations in the discharge itself; the frequencies and 
amplitudes of these oscillations are influenced by gas density and 
hence by temperature. Radio interference may be present when 
a lamp has just started, and may change in character as it warms 
up and also as the lamp ages. For normal domestic use a small 
suppressor unit can be supplied and is ample. For radio¬ 
laboratory work of extreme sensitivity, complete screening can 
be obtained by enclosing the fitting in an earthed wire-mesh 
cage. > 

The important relationship between light intensity and eye 
strain on working efficiency, raised by Mr. Bumand and Mr. 
Coates, has been largely answered by Mr. Mackie. There is no 
doubt that factory output records form one of the best checks 
on lighting efficacy, and that growing appreciation of this, by 
engineers has accelerated the spread of fluorescent-lamp lighting. 


DISCUSSION ON 

“THE EFFECT OF THE NATIONAL GRID ON THE OPERATION 
AND MAINTENANCE OF SECONDARY POWER STATIONS”* 

NORTH-EASTERN CENTRE, AT NEWCASTLE, 28TH FEBRUARY, 1944 


Mr. J. B. Jackson: I cannot agree with the author’s first con¬ 
clusion in Section 5(a) that the natural process, of reclassification 
of every station through its normal working life must continue 
and therefore it would be uneconomic to lay down plant or 
stations specifically to deal with peak loads only. On approach¬ 
ing the limit of efficiency obtainable with steam as the working 
fluid, il becomes harder and harder to make progress. Hence 
there is an increasing tendency for all new stations to have the 
same efficiency. There is also a tendency for the coal prices and 
wages to become uniform; hence a time is coming when the 
majority of stations will have an efficiency in the neighbourhood 
of, say, 26 per cent, and all will have roughly the same generating 
cost. Such differences as occur will be due to different coal- 
transport charges and different vacua according to the location 
of the station. The classification of a station will therefore be 
settled by its location and not by its age, and it is wrong to speak 
of a natural process of reclassification. 

It is essential to remember this, because most of our stations are 
a compromise design to suit a base load in earlier life and a peak 
load in later life. The time is coming, or perhaps has come, whqn 
we must recognize that the station on a favourable site should 
always be in class A. Therefore, advanced features can be in¬ 
corporated in its design, which would be inadmissible if that 
station had to undergo a process of declassification in later life. 
By this reasoning, I think we shall eventually design and build 
on favourable sites pure base-load stations having an efficiency 
of, say, 30 per cent, and then complete the picture by building 
simpler stations to* carry peak loads only. 

In Section. 2.4 the author gives an expression which he applies 
to the vertical strips of a graded-load curve in order to estimate 
the performance of a secondary station. The expression a>ntains ' 

♦ Paperby R. A. W. CONNOR(see 1943,90,Part U,p. 350).- ... 


seven unknowns. The vertical strip from the graded-load curve 
provides only two of these, hence the remaining unknowns must 
be estimated. ‘ Surely it can be inferred from this that the correct 
results are a compliment to the man who estimated the five un¬ 
knowns, and not to the method which supplied the two unknowns. 
It would seem that this method could be tightened up very con¬ 
siderably by plotting, on the same basis as used for the graded- 
load curve, a graded standby curve and a curve of similar form 
showing boilers with fires in them. A vertical strip through these 
would supply information leading to a useful estimate of banking 
losses, turbine no-load losses, etc., and would permit a more com¬ 
plete calculation of the heat input to the station necessary to ob¬ 
tain the heat output represented by the area under the graded-load 
curve. We should thus obtain an annual efficiency under specific 
operating conditions. This'method, it seems, would do some¬ 
thing to overcome the difficulty in the author’s conclusion that 
it is difficult to devise a factor of performance for [secondary 
stations. v 

I suggest the points under discussion concern essentially the 
economy engineer and the expert estimator, and have no part in 
the daily routine of the power-station operating engineer who in 
a secondary station with frequent starting up and shutting down 
is a busy man, and does not spend much time in his office. For 
him it is probably better to Institute a system of continuous plot¬ 
ting of certain selected pressures, temperatures and meter read¬ 
ings, from which he can quickly detect any change in running 
conditions. This would save time and possibly command more 
fiaaflx than involved calculations. * . „ . 

,• X agree that an interchange of indications between die boiler 
house and the switch house is good. It is very true, and not at 
ail widely appreciated, that it is no use increasing load when the 
steam pressure is falling. I am not very clear, however, as to the 
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purpose of frequency-time and standard-time clocks in the con f ml n , • , 

room of a secondary power station. the relegation of stations from class A downwards in the course 

The* effect on maintenance of constant starting and shutting EeffinEE by the author ’ has obtained U P m as 
down has been widely covered in the paper. I have howE ™ dficiency of a new station has been normally very much 
heard of cases of alternator field-coil distortion due to’this cause S 5 ^ that ? f ° ne built earlier - The rate of increase of 
What appears to happen is that the machine is run up to speed Mmi whh “ T slowi " g down and we are approaching an upper 
and the centrifugal force then clamps the copper bars asE Ik * ? g methods and materials, with the result that the 
the slot wedges. Next, the excitation current kpasSthfough 2 £?" Stati ° nS wil1 be comparatively little better than 
the bars and heats them up but, being securely clamped they are f s ° that the process of natural relegation 

prevented from expanding longitudinally. The resultis that the 2 ?f, dual ? y cease ‘ 0n the other hand, the deUvered pricfe of 
soft copper bars are stressed beyond their elastic limit and flow f J, 1 vanes consid erably from one district to another These 
sideways in non-elastic expansion; in other wordsEbarsare 3r£2r *° W J“* ^ Cpmparative fuel costs of statS 
deformed and finish with a larger cross-section. Later when the h E and “ ore on the delivered cost of fuel, and 
machine is shut down and the centrifugal force removed the ^ fud ‘ cost districts may have to be 

deformed bars contract naturally and elastically, and we finish de !!fcd for intermittent running from their inception, 
up with bars with a shortened length. Further due to the dif c - Prescott: The paper shows most clearly the importance 

ferent centrifugal forces and the different hSig Zl «'tl power'stl'tioT ? ° peration of a 

vaoous turns m the slot this contraction is not regular and results ! h v Th boilers , of such a Nation have to work under 

in twisting of the cross-overs, which may produce faults between Efi E n0t ° nIy muSt they be read y to supply corn- 
turns. Twp cures have been adopted. One is to wind with har nEt demands for increased output but they must 

dened copper, which has a higher compressive strength and reSts removEE r f asonabIe ,'Disney when the peak load has been 
deformation. This has certain difficulties in manufacture but wi?h h!nnEfi S °^ mUSt haW Sma11 losses even when operating 
appears to be effective. The other method is to block AeenS- Sta ? dby ^ 1 3111 ^ ad * at 

turns with spacer pieces so that the cross-overs are forced to con of ^ Sted , so strongIy u P° n th ‘s point, for the flexibility 
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medium stations, and a reduction in the efficiency of the lower 
ones, thus reducing the number of stations in the medium- 
efficiency band. That this has actually occurred is borne out by 
Table 2; taking 15% to 19% as the range of medium-efficiency 
stations, the percentage of plant in this range fell from 53-3°/ 
in 1932 to 18-5% in 1938. /o 

In discussing the subject of banking, the author refers to the 
alternative methods of normal banking and buming-off the fuel. 
It would be interesting if he could give some comparative data 
regarding the fuel consumed with these alternatives for various 
periods of non-steaming, allowing for the fact that with no rmal 
banking a certain amount of fuel generally attributed to banking 
is actually available for steam-raising when the boiler is again put 
on load. Can the author give any details of the differences in 
necessary maintenance and ease of putting back on load, using 
the two jnethods with refractory-lined furnaces and with water- 
cooled furnaces? 

The boiler outage allowance of 3 to 8 days every six weeks for 
sooting and minor repairs, quoted in the paper, seems to be on the 
liberal side, since with a class B station 6 weeks represents only 
some 60J) steaming hours. 

The author mentions that, at low outputs, the works cost per 
unit varies very considerably with small changes in output, and 
there is therefore considerable difficulty in comparing stations 
which run under these conditions, particularly the class D and 
to some extent the class C stations. In these stations the fuel 
bill is small compared with the other works costs, while at these 
Small Outputs,the latter can be considered tobe fixed. 

In deciding which stations shall be maintained available for 
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Again m giving a figure for this error the author cites ± 4% 
which looks formidable, but am I right in assuming that this is 
a Percentage of a percentage and indicates that an efficiency given 
as 25 % may be expected to lie between 26 % and 24 %? 

Mr. R. W. Gregory: Regarding the author’s first conclusion 
I was mterested a few years ago in a proposal to put down a water 
plant m the Galloway district, which was justified as being econo¬ 
mical only as a peak-load plant. This water plant has thus 
blocked the natural process of the relegation of stations., 
Mh-F. E. HqvenstaU: Referring to the point raised by 
Mr. Gregory, Diesel-engine stations were installed for dealing 
with pe^c loads. Does the author suggest that these are no 
longer of any use? • 

Mr. B. H. Welch: I agree with the author that steam gauges 
ought tobe supplied for the use of the switchgear attendant and 
load indicators for the boiler attendant, and that the working 
conditions of the boiler attendants should be made as congenial 
as possible by the introduction of centralized control 
Mr. Robinson: About 10 years ago I came across a 
station on the Continent which was hydraulically operated. 
At peak loads the water was allowed to rim down from a 
lake on the top of the hill and drive the water turbine and 

generators. During low-load periods the water was pumped 

up into the lake again. Does the author agree with this 
practice? 

_Mr.:E. C. I. Macdonald: Do the regular and extreme changes 
of load on the mam transformers at secondary power stations 
respiting from the shift method of operation have any effect*on 
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Keeping the plant serviceable. It seems therefore that the other 
worn costs per kW could be used as the criterion in choosing 
which Stations should be kept in use. Once this decision has 
been made, the loading of the chosen stations would be dictated 
by the incremental unit costs in the usual manner. 


^ Ae qqestion of efficiency, the trend of this discussion has 
supsted, I pi wrongly, that theselection of existing stations fof 
relegahon will become more and more difficult, because owing 
to improvements in design, they will all be so efficient that there 
will be little or nothing to choose between old and new stations. 
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The im pli cation follows that age as such does not matter. Surely 
it is quite wrong to ignore the inevitable effect of age on the 
overall efficiency of the plant and to assume that the relegation 
process is only the indirect effect of higher efficiencies in the 


newer plants due to better design? Would the author comment 
on the effect of age, and state how it is likely to affect relega¬ 
tion in comparison with the effect of better efficiencies in 
new plants? * 


the author s reply to the above discussion 


Mr. R. A. W. Connor \in reply): Many points raised have 
already been considered in my reply to the London discussion. 

Mr. Jackson draws attention to the location of stations with 
regard to coal and circulating-water supplies and the important 
effect that these havfc on overall cost and, consequently, on 
classification. Although these are vital, the cost of transmission 
losses must also be considered. Owing to the increasing cost 
of coal and coal transport, the value of unit increment in thermal 
efficiency has increased, and this is most important in considering 
the siting of new stations. The delivered cost of coal to site may, 
however, become the deciding factor in station loading and 
classification in the future. The increasing value of efficiency 
makes routine methods of checking all sources of heat loss more 

necessary than ever. . 

The use of frequency-time and standard-time clocks m 
secondary power stations mentioned in Section 2.3 enables the 
staff to forecast imminent load-changes. It is found that, with 
modern ultra-sensitive frequency meters, the operating staff be¬ 
come very skilful in predicting routine instructions from the C.E.B. 
control, and economies can be made by such skilful anticipation. 

Mr. Jackson’s remarks on alternator field-coil distortion may 
account for some vibration troubles which have been incorrectly 
attributed to the steam end of turbo-alternators. 

The subject of banking coal consumption raised by Mr. 
Ogden is a very difficult one. Extensive experiments made over 
a period of several months in one station proved that for the 
particular plant it was economic to keep fires banked with falling 
steam pressure for periods not exceeding 30 hours. It is neces¬ 
sary, however, to make complete tests with a particular plant 
before such rules can be made. 


Dr. Prescott’s assumptions with regard to percentage errors 
are quite correct. An efficiency given as 25% may be expected 
to he between 26% and 24%, although as he points out, this is 
the maximum limit of error. The corresponding probable error 
can be calculated in the usual manner by the theory of errors 

and is about ± 2-2%. . 

Messrs. Gregory, Heppenstali and Robinson are interested m 
the use of hydro-electric and Diesel-electric plant for peak loading 
purposes. Under certain conditions such plant may be an 
economic proposition; the deciding factor is, of course, the overall 
cost per kWh output. Even with the present high price of coal, 

I do not think that such plants could become economic in this 
country, except possibly in some of the smaller remote under¬ 
takings in Scotland. The same applies to hydro-electric pumped- 
water peak-load plants, although here it appears that capital 
charges on such plant might prove extremely high. 

Mr. Macdonald inquires if regular and extreme changes of 
load accelerate acidity and sludge formation in transformers. 
My experience tends to show that this is so, but I do not think 
the effect is serious with modern transformers fitted with con¬ 
servators. * ■ 

The effect of age on plant depends largely on the standard of 
maintenance that has been followed throughout the life of the 
plant. If plant is neglected, deterioration in efficiency may be as 
much as li% per annum; that is, a plant running its first year 
with an efficiency of 25% may after 20 years’ running give an 
efficiency of only 17*5% under identical conditions of loading. 
On the other hand, with regular and skilful maintenance the 
deterioration in efficiency is not likely to exceed one quarter to 
one half of 1 % per annum. 
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* SUMMARY 

The paper deals with the automatic isolation or indication of earth 
faults oh systems protected by Petersen coils. After discussing the 
principle of operation of this type of protection, describing the opera¬ 
tion of a wattmeter-type relay, and enumerating the electrical con¬ 
stants of the system to which the protection is applied, the authors 
describe the application of the relay to a 66-kV distribution system. 

* The currents in the feeders are analysed and the problem of accurate 
current summation is discussed in detail. Laboratory tests are given 
on current transformers at small percentages of rated current approxi¬ 
mating to the capacitance currents. A comparison is made between 
current summation by means of a summation transformer and by 
direct paralleling. Further test figures are given showing the effect 
of load current in addition to capacitance currents. The design of 
the relay element is described, emphasis being laid on its construc¬ 
tional features and operating characteristics. 


(1) INTRODUCTION 

The use of a relay of the directional type on unearthed systems 
was considered as long ago as 1930, but at that time Petersen 
coils had not been installed in this country, and hence little 
attention was paid to the theory of its operation or to its design. 
In a more recent paper§ dealing with the protection of lines by 
PeterseiTcoils, mention was made of a wattmeter-type relay for 
indicating that an earth fault had occurred and assisting in its 
location. The voltage and current windings of the relay were 
energized respectively from a secondary winding on the Petersen 
coil and parallel-connected current transformers. Since the 
relay h*f§ not always given the reliability expected, the authors 
were led to look more carefully into its operation when design¬ 
ing a super-sensitive relay for use on a 66-kV system. They also 
hoped that a paper on the subject would be of service in adding 
generally to the knowledge of the operation of the Petersen 
coil circuit. ‘ 


to isolate the faulty section automatically after a short specified 
period, while on the other hand retaining the advantage of the. 
Petersen coil in its prevention of the restriking of arcs set up» 
due to flashovers on insulators and other faults of a transient 
nature. In such cases greater reliability is required as the 
amount of line disconnected must be restricted to a minimum* 

(2) LIST OF SYMBOLS 

Ten T C2 , / C3 — earth-capacitance currents in phase conductors. 
lew — active component of capacitance currents. 

E v E 2 , E 3 = phase-to-neutral voltages. 

Ica> Icb> 1 _ /Total earth-capacitance currents in feeders A, 
Icc> etc. J \ B, C, etc. 

Ep = voltage across Petersen coil under fault con¬ 
ditions. . 

Ip — current in Petersen coil under fault conditions. 
bw — active component of current in Petersen «oil. 

Ip — current in earth fault. 

Ipw = active component of current in earth fault. 

Is — current-transformer residual current, energizing 
current coil of relay. 

0 = phase displacement of J Cl , I Cl> J C3 relative to 
voltages producing them. 

<j> = phase displacement of I s relative to E P . 
a = 90° ~ 6. 

h = HUca + Icb -h . . .). 

/ = minimum primary operating current of relay. 

/ = minimum secondary operating current of relay. 
Lp == inductance of Petersen coil. 

Cp = total capacitance to earth of the system. 

(3) THEORETICAL CONSIDERATIONS 
In order to obtain a clear conception of the operation of these 
relays, it is necessary to review briefly the fundamental Petersen 


Wli«re the apparatus on a system is capable of withstanding coil circuit. In this discussion and in the subsequent descrit 
continuously the full line voltage to earth, only an indication of tion of the relay, the vector diagram will be employed extei 
the faulty feeder is reauired. However, where the insulation siveiv AS it ifi rplntin-nc, oc \isa 11 oe , 


file faulty feeder is required. However, where the insulation 
of transformers or other apparatus is inadequate it is essential 
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sively, as it is the phase relations, as well as the magnitudes o: 
the various currents and voltages which are of first importance 
The vectors representing the insulation-loss currents of th< 
£)yerhead lines or cables and the active current of the coil art 
exaggerated, and the current-transformej* secondary-cufreu 
vectors are increased in the ratio of transformation. 
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Consider first a simple three-phase system without a Petersen 
coil in circuit, and with a fault between phase 3 and earth 
(Fig. la). Under these conditions there are two capacitances 




Fig. 1.—'Three-phase system with unearthed neutral and with an earth 

fault on one phase. 

(a) Schematic. 

(b) Earth-fault currents. 

C x and C 2 between the healthy phase conductors and earth. 
The potential of the neutral point is raised by phase-to-neutral 
volts above earth and that of the healthy phases to line volts 
above earth. Currents I Cx and hi will therefore flow in con¬ 
ductor 1 and 2, and their reversed vector sum I Cs will flow to the 
source via the fault and the faulty phase. Their phase relations, 
which should be particularly noted, are shown in Fig. lb. The 
unsymmetrical currents I cx and I C2 are shown leading the 
voltages producing them by an angle less than 90°, due to leakage 
over insulators and corona losses. 

When a Petersen coil is connected between earth and the 
neutral of the system as in Fig. 2a, a voltage E P , approximately 

equal to the phase-to-neutral voltage, appears across the coil. In 

other words, the fault completes a circuit from the source through 
the faulty phase, thence to earth via the fault, and so back to the 
coil and neutral. The coil causes a current to flow which lags 
behind the faulty phase-to-neutral voltage by an angle less 
than 90° owing to the losses of the coil. This current is there¬ 
fore nearly 180° out of phase with the capacitance current / C3 , 
as shown in Fig. 2b where E P and I P have been superimposed 
on the unsymmetrical voltage and current system of Fig. lb. 

It will be seen that if the Petersen coil current I P is made 
approximately equal to the capacitance ‘current I C3 there will be 
only a small residual current in the fault and the faulty phase. 
When the reactive components of/ C3 and I P are exactly equal 
in magnitude, the*fault current theoretically consists of the small 
components I cw and I PW which are in phase with E P . The fact 
that these components are additive in the fault and faulty phase 
is of great importance. In practice J C3 and I P are generally 
unequal but^ providing the difference does not exceed a certain 





Fig. 2.*—Three-phase system with Petersen-coil earthed neutral and 
with an earth fault on one phase. 

(a) Schematic, including connections of an earth-fault relay. 

( b ) Currents under earth-fault conditions. 

value depending upon the characteristics of the coil and the 
system voltage, the coil operates satisfactorily and not only 
quenches the arc but also prevents it from restriking. The # 
amount by which I P and /c 3 differ is sometimes termed the 
“amount of out-of-tune,’ 4 but this is rather misleading and it is 
suggested that “amount of under- or over-compensation” better 
describes the true state of affairs. Incidentally, under conditions 
of correct compensation a>L P = ljcoC E , but actually there is no 
resonance at the time of an earth fault as the capacitance and 
inductance are supplied from different phases of the system. 

Attention is drawn to the fact that the origin of the unsym¬ 
metrical voltage system (Fig. 2b) is at O x . The vectors repre¬ 
senting the voltages supplying power to this system must be 
drawn as acting away from this point, so that the voltage E P 
across the Petersen coil is drawn in phase with E* and away 
from Oj. 3 

Now examine the currents in the three current transformers 
connected in parallel in the usual manner. The current in the 
residual circuit is I cx + I C2 + 4 3 + 4 « 4 (added vector- • 
tally). Therefore, if a wattmeter-type relay current coil is 
connected in this circuit with the voltage coil ener gize d from a 
secondary-voltage winding on the Petersen coil, the power to 
operate the relay will be I PW E P . 

It is obvious that system conditions and the characteristics 
of the coil affect the magnitude of the active component available 
to operate the relay. The characteristics of the coil are governed 
by the time that must be allowed for the system to regain its 
normal condition after the arc has been suppressed, and this in 
turn controls the power factor of the current to operate the 
relay under the worst condition when a relay is ^ealing^VWth a 
single feeder, as in Fig. 2. A few typical examples will now be 
considered to illustrate its operation. 

Consider first the system consisting of two parallel feeders 
fed from a common source of supply and protected by a Fet&rsen 
coil, with a fault on phase 3 of feeder B (Fig. 3 a). It is sssuflied 
that the lines A, B are the same length and have the same 
capacitance to earth. In feeder A there will be no earth- 












USE ON SYSTEMS PROTECTED BY PETERSEN COILS 


379 




Ep 


Fig. 3.—System consisting of two radial feeders. 

(a) Schematic showing earth current In* and Petersen-coil current I P . 

(b) Earth-capacitance currents in Feeder A. 

(c) Earth-capacitance currents in Feeder B. 


reactive components of the current in the Petersen coil and the 
line-to-earth charging currents of the system and faulty feeder. 

Under fault conditions, substations situated on radial feeders 
may be divided for simplicity into two types, those which have 
Petersen-coil current flowing in the busbars and those which 
carry earth-charging currents only. An example of each is given 
in the system shown in Fig. 4, the system consisting of two 
substations with a fault initially at X on feeder C. 


r 

I 



Fig. 4.—Example of system containing two types of substation. 

The distribution of the currents at substation No. 1 has been 
discussed above and need not be considered further. Sub¬ 
station No. 2, shown in detail in Fig. 5, consists of the incoming 


l E 3 



Fig. 5.—Busbars in substation No. 2 (see Fig. 4). 


capacitance current in phase 3, as this is at earth potential, but 
phases 1 and 2 will carry earth-capacitance currents I c i 
and I C 2 > the amount depending on the length and charac¬ 
teristics of the overhead line or cable. In the vector diagram 
(Fig. 3 b\ it will be seen that the resultant current I s lags behind 
the voltage E P by an angle (90° + a), where a is equal to 
(90° — 6), and cos 6 is the power factor of the earth-capacitance 
currenrtn the conductor. The relay in this feeder will therefore 
be restrained. 

The line-to-earth charging currents la and / C2 in feeder A 
return to the source through the fault on feeder B, together with 
similar currents of that feeder, making a total earth current Ic 3 
which is approximately 180° out of phase with 7p, so that a 
resultant current (the resultant of I P and. J C3 ) appears in the 
fault and the faulty phase. The paralleled current transformers 
in feeder B therefore give a total current I s = let + /<&.+ /c 3 + Ip> 
where I^ x and I C2 are the charging currents in feeder B and / C3 is 
the*reversed vector sum of I C \ and I C2 to feeders A and B. The 
current I s lags*)r leads the voltage Ep by an angle <f> which is less 
than 90°, so that the relay on this feeder will operate. The angle <f> 
may be easily calculated from a knowledge of the active and 


feeder B and an outgoing feeder C. Charging current is flowing 
in phases 1 and 2, and it returns in phase 3 as v but com¬ 
pensated by the Petersen-coil current. The vector diagram 
for the currents on the outgoing feeder towards the fault will 
be a repetition of Fig. 3 c, except that currents 7 C1 and i* will 
be smaller in magnitude owing to the shorter length of feeder. 
The relay will operate similarly to that on feeder B at substation 
No. 1 and will therefore indicate a fault on feeder C. 

The relay on feeder B at substation No. 2 will respond to the 
same residual current, but by reversing the connections from 
the current transformers to the current coil of the relay it will be 
restrained, thus indicating that the fault is not on feeder B. 

The voltage for the relays may be derived at this substation 
from a five-limb broken-delta voltage transformer, or, if the 
substation is also used for feeding a local star-connected trans¬ 
former, a neutral earthing transformer may be used. It will be 
seen that the connections are arranged so that the relays measure 
power being taken by the feeder in which they are connected. 

Referring again to Fig. 4, let it now be assumed that the fault 
is transferred to feeder A. As a result substation No. 2 is 
feeding a healthy part of the system. The vector diagram for 
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feeder C will be the same as Fig. 3b and the relay will be 
restrained, but the secondary-current vectors for feeder B will 
be reversed owing to the reversal of the connections from the 
current transformers mentioned above, so that the relay will 
tend to operate. The sum of the capacitance currents of the 
two healthy phases I s now leads the voltage E P by (90° - a), 
the angle a, as shown previously, being dependent upon the 
leakage current and corona losses of the line, and the power 
available to operate the relay being E P I CIV . 

Summarizing the foregoing, in a substation where Petersen 
coil current is flowing in the busbars, the relay on a faulty feeder 
will trip, the relay on a healthy feeder will be restrained, and 
the relay on the Petersen-coil side of the busbars will also be 
restrained. In substations with no Petersen-coil current in the 
busbars, relays on the side of the busbars remote from the 
Petersen coil will be restrained while those on the incoming side 
will tend to trip. 

The conditions that have been outlined above for radial 
feeders apply in the same manner to ring-main feeders. The 
fault current is, however, split up round the ring as also is the 
charging current although not necessarily in the same pro¬ 
portion. It is therefore possible that on some feeders the active 
component of the residual current may not be sufficient to 
operate the relay. This, however, only applies where the relay 
is used for indication. Where it is used for switch tripping the 
feeder switch carrying the fault current will trip, thus causing 
the ring to open and the fault current to be fed round the ring, 
whereupon the relays will operate as for a radial feeder. 

An illustration of such a case is shown in Fig. 6, where a ring 


□ Relay non-operative 
■ Relay tripped 
a Relay operation indefinite 


Fig. 6. Ring-main feeder equipped with earth-fault relays for 
indication. 

main is fed from a substation A equipped with a Petersen coil. 
If a fault occurs at a point X between substations B and C 
such that about 90% of the Petersen-coil current flows via 
substation B, and the charging currents I CI and I C2 are supplied 
equally through the two feeders AB and AD, then the arrange¬ 
ment of vectors for the unsymmetrical system on the feeder AD 
is as shown in Fig. 7. This is due to the fact that the line-to- 
earth capacitance curren s I c in the system all flow through the 
tauit and take the lower-impedance path back to the source 
through the faulty phase. The result of this distribution of fault 
current is that relays at substations C and D will either show that 
that part of the systbm is healthy or will not indicate. In any case 
the relays at substation A will indicate that the fault is nearer 
' as the relay on feeder AD will not operate until the ring is 
opened between the fault and the substation either at A or Bv 



J F 'cs 


-Capacitance currents in incoming feeder at substation D 
(Fig. 14). 


(4) ANALYSIS OF THE CURRENTS IN HEALTHY AND 
FAULTY FEEDERS 

Before dealing with the design of the relay it is proposed to 
digress at some length to describe the currents in the current- 
transformer primary windings on healthy and faulty feeders and 
the effect of the current transformers in transforming these 
currents. 

In the vector diagrams which have been given to show the 
relation of the currents and voltages in the system and to show 
the principle of operation of the relay, the vectors of the earth- 
capacitance current system have been drawn with the earth as 
the origin. Vectorially these diagrams are correct, but elec¬ 
trically the earth currents are carried by the phase conductors* 
The resultant Currents in the three-phase system comprise: 
W currents; ( b ) interphase capacitance currents; (c) earth* 
capacitance currents; (d) Petersen coil current. The currents 
will vary in magnitude and phase depending upon load and 
weather conditions, but they can be analysed into positive, 
negative and zero sequence components. Currents (a) and (b) 
comprise the positive and negative components, and must sum 
to zero, whereas currents (c) and (d) sum to three times the zero 
sequence component, and form the residual current. It is 
obvious that the phase angle of this in relation to the faulty phase 
voltage is a vital factor in the proper operation of the relay. 

The effect of imperfections in the current transformers on 
these components is:— 

WTo cause currents (a) and (b) not to sum to zero due to 
the differences in ratio and phase-angle errors of the current 
transformers, with the result that a voltage exists across the two 
points where the three transformers are paralleled. 

(2) To cause the residual current to change in magnitude 
and phase angle owing to (1) and to the ratio and phase-angle ' 
errors of the current transformers at the current corresponding 
to the residual current. 

The burden on the current transformers for the positive and 
negative sequence currents may be conceived as being^hat of 
the current transformers themselves and the connecting leads up 
to the point at which they are paralleled. In the event of the 
currents being balanced and the current-transformer errors 
identical, there would be zero voltage at the paralleling point. 

In practice this will not occur and there will be a small voltage 
which must be added vectorially to that of the zero sequence 
currents. The resultant voltage determines thef magnetizing 
currents of the three transformers; this will be demonstrated 
more fully later, but it will now be shown how the currents will 
vary in magnitude in the healthy and faulty feeders. r „ 

. feeders, the vector diagrams of which ar^ given 

in Fig. 3 b, it will be seen that earth-capacitance currents are 
flowing m the two healthy phases. For the sake of simplicify. 
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let it be assumed that the load and interphase capacitance 
currents produce an approximately balanced load at unity power 
factor *to which must be added the capacitance currents to 
earth, so that the resultant phase currents under faulty system 
conditions will be as in Fig. Sa, which shows that the currents 
will be unbalanced and that transformation errors will occur. 



Fig. 8.—Combined load and capacitance currents. 


Now let it be imagined that a fault occurs on the feeder which 
has just been considered. The earth-capacitance currents are 
unchanged, J?ut the faulty phase carries the residual earth-fault 
current whose phase angle will change according to the amount 
of over- or under-compensation. This is shown in Fig. 86. 
Here again unbalanced currents occur, but normally each 
current transformer is contributing to the residual currents in 
the relay. It can, however, be visualized that it is possible to 
^have cP condition where a fault occcurs on a short feeder when 
*the only current is the residual fault current, which will be of 
the order of 2 or 3 amp. This may be a small percentage of 
the rated current and must provide magnetizing current for the 
current transformer on the healthy phases, while at the same 
time energizing the relay current coil. 

The problem of designing a relay equipment which will dis¬ 
criminate under all conditions between the active component 
of the Petersen-coil current and the leakage losses of a healthy 
feeder resolves itself into two parts: (1) summing accurately all 
the currents in the three phases, and (2) constructing a sensitive 
low-impedance relay element. 


(5.2) Multi-Coil Relay 

It is known that when applied to meters and instruments this 
method has much to commend it. It overcomes the difficulty 
of weight, but there is still ,the burden of each winding to be 
considered; the winding must carry the full line current and at 
the same time have sufficient torque to cause the operation of the 
relay at 1 % (or less) of the rated current. The effect on the un¬ 
balanced currents in the conductors is. therefore no better than 
in method (5.1). It has also been found that with the best 
efforts at satisfactory twinning it is difficult to balance two 
elements at all loads, and it is therefore unlikely to be better 
with three elements. It largely overcomes the effect of the 
idle current transformers. 

(5.3) Summation Transformer 

Figures have been published* which may give the impression 
that a summation transformer is capable of totalizing two or more 
circuits without the effect of the idle current-transformers being 
apparent. If this is so, it is likely to improve the phase-angle 
errors of the residual current. The relay-element winding has 
moreover, only to carry this current, thus simplifying the con¬ 
struction of the relay. By making a high-grade summation 
transformer with evenly-disposed primary and secondary wind¬ 
ings, the burden on the main current-transformers is kept to a 
minimum. This method has much to commend it, and it has 
been thoroughly investigated. Details of the investigation will 
be given in Section 10. 

(5.4) Parallel-Connected Secondaries of Current Transformers 
This method also has much in its favour, as the burden on 
the individual current transformers is a minimum and the relay 
element winding, as in the previous method, has only to carry 
the totalized current. The effect of the idle current trans¬ 
former^) is considerable and the larger the magnetizing current 
the more marked is this effect; therefore, low ampere-turn bar¬ 
primary current transformers must be avoided wherever possible, 
but the use of high-permeability cores or the adoption of a 
compound transformer of the Wellings and Mayo type very 
materially helps matters. This method gives a smaller error 
due to unbalance of currents, but a larger error on zero sequence 
currents. * 


(5) CURRENT SUMMATION 

In Section 4 it was shown that the problem of designing the 
equipment consisted partly in summing accurately the currents 
in the %ee phases which vary widely in phase. It has been 
assumed that paralleling the transformers is the best method of 
achieving this, but it may not be out of place to consider other 
methods and compare their merits. The best-known methods 
are the employment of: 

ulti-element relay 
Multi-coil relay 

Summation current transformer 
Paralleled current transformers' 

Core-balance transformer 

(5.1) Multi-Element Relay 


(5.5) Core-Balance Transformer 
This is a complete answer to the problem if multiturn-primary 
current transformers are impracticable. On 6*6-kV and 11-kV 
systems, this method is of considerable value as the transformer 
can be slipped over the cable or wound over the cable on site. On 
h.v. outdoor switchgear this is obviously out of the question. 

(6) SYSTEM CHARACTERISTICS 
In considering the design of the relay and the associated 
current and voltage transformers, the factors which must be 
taken into account are peculiar to Petersen-coil-protected 
systems. These factors will now be dealt with in detail, as they 
affect the minimum operating power, the overall permissible 
phase-angle error and type of current transformers. 


The principal objection to this method is the weight of the (( . 1V1 , A .■ r 

moventent. In addition, the burden on each individual current ; ^ • 

transformer due to the load current is considerable as the torque Petersen coil characteristics are dependent upon the 

of the relay at rated current must be high. Owing to the higher vo ^f e capacity of the system, and, although its design is 

burden, the current-transformer errors change more rapidly outeide scope of this paper, the characteristics control tq a 

with change of current, and considerable errors occur when, as extent the operation of this protection, because the iron 

previotkly mentioned, the currents are unbalanced. There is, C0 PP er losses determine the minimum power available to 

however, no interaction between the transformers, which is * E. w. Hill and G> F. Shotiir: ‘‘Current-Transformer Summation,” Journal 
helpful when two transformers are idle; p ’ 381 * ^ B * **agi*: 
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effect operation. This minimum power occurs when the coil 
is protecting a single feeder (see Fig. 2). The residual 
current in the relay is then simply the Petersen-coil current 
divided by the current-transformer ratio. The power factor of 
the current with respect to the voltage on the relay voltage coil 
will also be the same as the power factor of the Petersen coil. It 
will therefore be seen that the relay must operate on less power 
than the losses of the Petersen coil. A minimum factor of safety 
to ensure the firm closing of the contacts must be fixed. It is 
suggested that the minimum operating current i of the relay 
should be made not less than 80% of the minimum current 
available. 

(6.2) Rated Current and Voltage of the System 

The load current on the feeder determines the rated current 
of the current transformers. If the power available to operate 
the relay is P c , the voltage-transformer ratio k v the current- 
transformer ratio k c , and the minimum power to operate the 
relay element P h then P, = PJkJc c . 

(6.3) Insulation 

On healthy feeders the power factor of the insulation and 
corona losses determines the phase angle between the voltage 
and the sum of the earth capacitance currents. The power 
factor of the insulation is a variable quantity depending upon 
a number of factors which are also outside the scope of this 
paper, but which may be as low as 0-01 and as high as 0-1. 
As a result, the angle a may be between 34 and 344 min, and 


the power factor of the relay current between - 0-01 and 
-0-1 lagging. It is therefore clear that if the leading phase 
error introduced by the current transformers exceeds this value 
the relay may operate and thereby trip out a healthy feeder 
It will be clear, however, that the angle may be exceeded by an 
amount depending upon the minimum operating power ofth* 
relay for a given plug setting. ne 

This angle is given by the expression 

a + arc sin(/// c ) 

where I c = sum of earth-capacitance currents in feeders. 

/ = minimum primary operating current of relay, 
a = 90° - arc cos 0. (cos 6 = power factor of 7 C ). 

This angle will determine the maximum permissible phase- 
angle error of the three current transformers as a combination 
if no allowance is made for errors in the relay element and 
voltage transformers. 

(6.4) Type of Switchgear 

This is important in that it affects the type of current 
transformers lliat can be used, and it is of particular importance 
where the switchgear designers have not been able—generally 
for economic reasons—to allow sufficient space to fit multitum¬ 
primary current ti ansformers. Such factors determine the 
output of the current transformers and hence the impedance of 
the relay element. 



Fig. 10.—Residual currents in relay “b” at substation Q (Fig. 9). 

S3 fSf ore at ^station R opens. 

“a” at substation R opens. 

operated. * fault between “bstations P and V, switch “b” at substation P first having 


la *= net capacitance current in relay. 
Is = relay current. 

Petersen-coil voltage. 

Ep = Lagging Petersen-coil voltage. 


(7) APPLICATION TO SWITCH TRIPPING 

When the relay is to be used for tripping 
a circuit breaker there are two further points* 
to be considered: 

0),’ The available power to operate the 
relay increases with the distance of the sub¬ 
station from the source of supply. This 
power will vary with atmospheric conditions, 
so that it is not practicable to obtain reliable 
time-discrimination between relays under all 
conditions. 

(2) There is a tendency for relays on in¬ 
coming feeders of substations supplying 
healthy portions of the network to operate. 

To obtain discrimination between switches 
on faulty feeders, it is therefore necessary to 
use auxiliary timing relays. The tendency to 
operate on healthy feeders is overcome by 
taking advantage of the fact that'The phase r 
of the charging current is fixed within certain 
limits, and making the relay inoperative under i 
those conditions. The simple ring-main 
system shown in Fig. 9 illustrates this point, j 
The relays are connected in tht> manner 
already described, but in addition they operate 
definite-time-delay relays which are given 
predetermined time settings and graded in 
the usual manner. 

Now suppose for example that a fault 
occurs at point X and that there is insufficient * 
fault current flowing through substations S, T, 

U, V to operate the relays at those stations. 

The relay at substation R, which r is set for 
25 sec, will, however, operate and thereby trip 
the switch “a” at that substation thus, causing 
all the earth-fault current to flow through 
substations S, T, U, V, and leaving the por¬ 
tion of the system feeding substations Q and 
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R healthy. The incoming relay “b” at substation Q being on 
a healthy feeder, may operate and shut down the supply to 
substations Q and R. To avoid this the simple expedient is 
adopted of shifting the phase of the voltage of the relays on 
the incoming feeders of substations, so that there is insufficient 
power to cause the relays to operate under the worst condition 
of leakage. The method adopted to shift the phase is described 
in Section 9. 

It is interesting to consider the vector diagrams for the relay 
on the incoming feeder “b” at substation Q under the following 
three conditions:— 

Fig. 10(a). Before switch “a” at substation R opens. 

Fig. 10(Z>). After switch “a” at substation R opens. 

Fig. 10(c). If a fault occurs between substations P and Q, 
and switch “b” at substation P has opened. This last diagram 
is given to show that the artificial shift in phase of the voltage 
will not cause the relay to be inoperative on a faulty feeder. 

ft will be seen that the sum of the capacitance currents on the 
healthy system always leads the voltage by nearly the same 
angle, which is dependent upon the power factor of the leakage 
current, and further that the currents on the feeder under fault 
conditions are widely different in phase from the charging 
current. Therefore, by lagging the phase of the voltage flux, it is 
possible to make the relay on the incoming feeder inoperative 
for healthy charging current. The adjustment must not be 
carried to an excess; otherwise, under certain conditions of 
extreme under-compensation, there may not be sufficient active 
current to operate the relay under fault conditions. In the 
foregoing diagrams the earth-capacitance current of the whole 
system is shown as being under-compensated, but the phase of 
the current under these conditions differs materially from the 
healthy capacitance current. 


venting a fallen conductor from being a source of danger, made 
it necessary to isolate a faulty section while leaving the rest of 
the system protected by the Petersen coil. The scheme described 
in Section 7 was therefore adopted. As pointed out in the 
Introduction, reliable operation of the relays is essential, other¬ 
wise stability, which is the chief advantage of the Petersen coil 
system, would be lost. 

The technical data for the system will be dealt with in detail 
in the order adopted in Section 6, and its bearing on the design 
of the component parts of the equipment will be indicated. 

(8.1) Determination of Minimum Fault Setting 

(8.1.1) Petersen Coil 

The total estimated earth-capacitance current of the system 
under fault conditions was 50 amp. To deal with this current 
and possible future extensions which materialized before the 
original scheme was commissioned, two Petersen coils with a 
capacity of 50 amp at 38 000 volts (66 000/^3) were installed. 
The coils were tapped at the following percentages of their 
capacity: 100, 90, 80, 70, 60, 50, and the losses in kW at these 
tappings were estimated to be 36, 30, 24, 19-5, 15*5, 12. The 
minimum loss available to operate the relay equipment was 
therefore 12 kW at a power factor of 0-0126. As it is essential 
that the relay should operate with certainty, the equipment was 
made sufficiently sensitive to operate at 9*6 kW. 

(8.1.2) Rated Voltage and Current of the System 

As already mentioned, the voltage was 66000 volts, and the 
maximum loadings on the feeders entailed the fitting of 300-amp 
current transformers; but there were certain feeders where 
existing 150-amp current transformers were installed. Due to 
the reduction to l/25th of the burden of the leads it was decided 
to install 1-amp-secondary current transformers in preference to 


(8) APPLICATION TO A 66-kV SYSTEM 
Having discussed the protective scheme from a theoretical 
standpoint, the practical application to a particular distribution 
system, and the problems in connection therewith, will now be 
described. These problems largely concern the summation of 
the currents in the three phases of a feeder and are of consider¬ 
able interest. 

The system for which this protection was required (Fig. 11) 
consisted of about 120 miles of overhead transmission line of 
horizontal construction, compensated by two Petersen coils. 
The fact that certain apparatus would not withstand continuous 
operation at line voltage to earth, and the desirability of pre- 



5-amp. 

The minimum secondary power for which the relay must 
operate is (9-6 X 110)/(300 x 38) = 0-0925 watt. 

The minimum secondary operating current at 110 volts and 
unity power factor is 0-00084 amp, equivalent to 0-252 amp 
primary current. 

(8.2) Determination of Permissible Phase-Angle Error 
(8.2.1) Insulation * 

The power factor of 66-kV insulation has a minimum value of 
approximately 0*01, and it is important that the minimum 
figure be used when calculating the allowable phase error of 
the equipment. Any increase in leakage and corona losses due 
to atmospheric or other causes only tends to 
increase the value of a andhence the backward 
torque of the relay. The value of a for a 
power factor of 0 * 01 is 34 min, and with the 
data so far obtained a curve can be plotted 
from the expression given in Section 6 for 
the phase-angle error. In order to ensure 
stability, the value of i for the purpose of this 
calculation should be reduced by 50%, as 
an adequate allowance must be made for 
the various current-transformer errors. In 
the curve, which is given in Fig. 12, the 50 % 
allowance has been made. 

It is apparent from an inspection of the 
curve that the specification for the current 
transformers is not covered by any existing 
i' class in B.S. 81—1936,- principally because 
figures are required for phase angle at less 
than 5 % of the rated current. Therefore a 


Fig. 11.—A 66-kV system equipped with Petersen coil and relays to isolate a faulty section 
in the event of a sustained earth fault. 


special series of tests was made to obtain 
the data given in Sections 10 and 11. 
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s ° 10 20 . 30 40 50 60 

Vector sum of earth-capacitance currents under fault conditions.amp 

Fig. 12.—-Relation between maximum phase-angle error and earth- 
ffi C hv a f^H CUrre ^ tS f ? T , three current transformers on a 
- feeder fault conditions, with working burden and 
current in one transformer only. 

(8.3) Type of Switchgear 

The switehgear at the power station and at the majority of 
the substations was of the modem air-blast type, the current 
transformers being housed in bushings' in the roofs of the 
svntch houses. This limited the current transformers to 300 
ampere-turns and caused one of the major problems in applying 
this protection to the system. w y s 

(9) DESIGN OF SUPER-SENSITIVE RELAY ELEMENT* 
(9.1) Summary of Requirements 
Before describing the design of the relay element, it is pro¬ 
posed to summarize the requirements that must be taken into 
account. Certain of these have already been discu^ed S5 
they are included here to make this summary complete and to 
emphasize that in designing the relay element consideSio™ 
given to the protective equipment as a whole. 

The sensitivity of the relay must be such that it will operate 
finitely with the minimum secondary power, which is 0-0925 
watt or 0-00084 amp at 110 volts and unity poweffactor i e 
with less than 0-1 % of the rated current. It is not necessary 
howeven for the relay to cany the rated current of 1S2 

ss b cSss 'zsxzftzrsrss; 

Owing to the possibility of earth faults occurring simulta- 
neomly on different feeders of the same system, thSyXuM 

ma ™ sec °adary cun-emfor 
short time, which in this instance is 2 sec. The maximum 

2™^determined by the characteristics ofthTc™ 
transformers and the impedance of the relay. unreal 

Tne impedance of the relay must be as low as no«ihlp 

SwSSV^T when 

me current, which is in phase with the Petersen-coil voltae? F 

The e Sll aIent ’t P k 0dUCeS a tOTqUe “ 4116 P^Mve direction * 
ky “2“* havea ne Sfigible change of phase-angle error 


simple means for adjusting the phase relationship between th* 
working fluxes of the measuring element. 

In order to make the relay stable under all system conditions 
particularly on relays on the Petersen-coil side of the busbar^ 
of substations such as relay “a” at substation V in Fig. 9 ft 
should be possible to decrease the sensitivity over a considerable 
range, the change of which should not unduly affect the nhase- 
angle compensation to which reference has already been made 
The relay, although supersensitive, must also make positive 
contact free from bouncing. This is of particular importance 
detS rC ^ K Se,f " reSetting and must °P erat e a separate timing 

(9.2) Working Parts and Principle 
The measuring element of the relay, which was designed to 
meet the above requirements, comprises a fixed electromagnet 
and a moving system of the two-part rotor type, the magnetic 
and electric circuits of the relay being illustrated in Fig 13 and 
the moving system in Fig. 14. , 

, ■ T hC * ^ anl * nate d core of the electromagnet consists of three 
distinct parts: an external U-shaped main core, an internal core 

nf«{^? lf °T^ hape - and an auxUiar y core X magnetically in 
parallel with the mam core. y 

The moving system consists of a main rotor D and an auxiliary 

r °-°ai D a b0 Hl made of aIumin *um and secured to the common 
spindle A. The spindle also carries the control spring S and 
the moving contact W. The main rotor is cylindrical in shape 

«fm,| free ^ ( r0te f In the air ‘ gaps between the poles of the 
external and internal cores of the electromagnet 

the 1 Jnv a l? liary t COr ^ X P r ° Vided With 311 a * r ‘8 a P Within Which 
, auxdia f' y ro4or m the form of a narrow flat strip, is free 
to move when the relay is in the operating condition. 

The voltage winding W on the yoke of the electromagnet ’ 
produces a flux divided into two components, <5^ and <£>. The 
nmn component O^p of the voltage flux, interacting with the 

com ex,rt a h- t - CUrr f Dt C ° lIs M ’ L on the “ cruciform 
rare exerts a directional torque on the main rotor D, while 

in r 6r C ° mp ? nent of the volta ge flux (the auxiliary flux 

m the auxiliary core), tends to produce, by virtue of the shaded 


V Jr/ 


''wA \ ^ 


Vi/ 






* i 1 a 


V/ 


; 

Kg. 13.—-Prindpal electrical and magnetic circuits of relay. 
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Fig. 14.—Movingjsystem of relay. 


poles SS, a unidirectional torque on the auxiliary rotor Dj in 
the direction assisting the operating torque on the main rotor. 

* The flux-lagging coils F on the limbs of the U-core form a 
closed circuit of their own through a resistor R. 

The voltage flux <&£*> circulates along the path indicated by 
the chain line in Fig. 13, thus acting upon the cylinder D in a 
horizontal direction, whilst the current flux <D /jS acts upon the 
same drum in a vertical direction, i.e. at 90 geometrical degrees 
from that of $> EP . 

Resistor R is so adjusted that the fluxes 0 EP and <D /iS are 
also electrically displaced by 90 time-phase degrees when the 
current and voltage vectors are in phase with one another, 
i.e. at unity power factor on a single-phase circuit, when <f> ~ 0 
as will be seen from the simplified vector diagram in Fig. 15. 


These conditions being satisfied, a torque proportional to 
IgEp sin (90° — </>) = IsEp cos <f> 

is exerted upon the main rotor D by the combined action of 
fluxes Qgp and $> IS , where I s is the current flowing through the 
current coils and Ep the voltage applied to the voltage coil in 
series with a suitably chosen resistance Rj. 

The relay is fitted with an adjustable rheostat R h R 2 in 
senes with the voltage coil, whereby phase-angle compensation 
can readily be obtained in the following cases:— 

(1) To compensate for the angle a (Fig. 106) on the relay 

when situated on an incoming feeder. 

( 2 ) To compensate for voltage-transformer phase-angle errors. 

(3) To compensate partially for current-transformer phase- 

angle errors. 

The range of adjustment, which was considered to be sufficient 
in practice, is up to 5° “lead” and 5° “lag” from the mean 
“zero” position. 

The current coil is designed to operate from current trans¬ 
formers with 1-amp secondaries and is provided with nominal 
current plug-settings of 1, 2, 3, 9 and 18 mA with the torsion 
head set in position 1. These values can be halved, doubled 
or trebled by adjusting the tension of the control spring by 
means of the calibrated knob. 

An important feature of the current coil is its low impedance. 
Another feature is its high current-carrying capacity; when 
necessary, it is capable of carrying considerable overloads for 
short periods. 

(9.3) Improved Contact Making 

The growth of the “torque” with the “deflection,” at minimum 
operating current, is illustrated in Fig. 16. 

The straight line OD represents the torque in the operating 
direction exerted on rotor D by the watt-measuring element of 
the relay, and the curve OD! is the total torque tending to close 
the contacts of the relay. It will be noted that the additional 
torque DDj which the auxiliary electromagnet exerts on the 
auxiliary rotor D! is operative only at the end of the travel of 
the moving contact W (Fig. 14), thereby ensuring good contact- 
pressure without bouncing. m 

The relay is self-resetting and, although supersensitive, it 
works satisfactorily in conjunction with a separate timing device. 
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(10) SUMMATION OF CURRENTS IN A THREE-PHASE 
FEEDER 


The purpose of the tests discussed below was to ascertain 
whether it was better to carry out the summation by three current 
transformers connected in parallel in the usual manner or con¬ 
nected to a summation current transformer as suggested in 
Section 5. Incidentally, this investigation is also of interest 
in the case of solidly-earthed systems where the effect of the 
paralleled transformers for earth-leakage protection accounts 
partly for the unsatisfactory operation of the protection on low 
fault-settings. 

In Section 8.2 it was shown that the phase-angle errors of the 
equipment must not exceed those given in Fig. 12, which errors 
are given down to about 1 % of full load. The greater part of 
the relay errors, made up of voltage-transformer phase-angle 
errors and the possible change of circuit constants of the relay 
current-coil at different plug settings, can be allowed for by the 
adjustment provided; therefore the errors of the current trans¬ 
formers as a group must not exceed those at any point on the curve. 
There was very little information available of the errors below 10 % 
full load, so that the errors at this point were taken as a guide. The 
phase angle at this point is about 48 min for the three transfor¬ 
mers; this was divided by 3, which gave 16 min as the approximate 
error at 10 % load for each transformer. The performance of the 
transformers at loads in excess of full load is immaterial, but each 
transformer must have as flat a characteristic curve as possible up 
to full load. On this basis a set of three current transformers (A, 
B, C) was constructed to the specification given below. 


Bar-Primary Current Transformer 


Ratio 

Secondary current .. 
Core dimensions:— 
Inside diameter .. 
Outside diameter .. 
Length 


Material 

Secondary resistance 
Nominal rated burden 
Secondary winding 
Test winding .. • 


300/1 
1 amp 

51 in 
7£ in 
5 in 

0-015 Grade 3 Mumetal 
3-4 ohms 
30 voltamperes 
300 turns, 0-032 in dia. 
150 turns, 0-040 in dia. 


For r the purposes of the test an experimental summation 
transformer was constructed to comply with class BL accuracy 
and the transformer was wound so that the errors on each 
winding were as nearly uniform as possible. The specification 
was as follows:— 


Toroidal-Ring Summation Transformer 


Nominal rated burden .30 voltamperes 

Ratio .. .. .1 : 1 :1/1 

Secondary current .. .1 amp 

Core dimensions:— 

Inside diameter.5£in 

Outside diameter .. .. .. • ,. l\ in 

Length .. .. .. 2 in 

Material .. .0-015 Mumetal 

Secondary and primary windings .. 900 turns 

Resistance: each primary . . .. 4-9 ohms 

secondary .. .. .. 2-7 ohms 


To provide a standard for measurement, figures were obtained 
from the National Physical Laboratory on a class AL, 7-5-VA, 
multi-range standard current transformer, the figures on the 
5/5 range being given in Table 1. These figures are extremely 
interesting as they show that the accuracy of precision current 
transformers does not change materially at low percentages of 
file rated current. , 

The test set developed by Mr. H. S. Petch was employed with 
a sensitive vibration galvanometer; GaU. 
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Table I 

N.P.L. Test on 5/5 Ratio of Standard Current 
Transformer f 


Percentage of rated current 

Phase angle (min) 

Percentage ratio error 

120 

4 1-6 

- 0-02 

100 

+ 1-7 

- 0-02 

60 

4 1*9 

- 0-01 

20 

~b 2-3 

- 0-01 

10 

+ 2-4 

-0-01 

5 

4 2-5 

- 0-01 

2 

4 2-6 

- 0-01 

1 

4 2-6 

- 0-01 


A commencement was made by testing each current transformer 
separately and each primary to secondary of the summation 
transformer at its rated burden and at unity power factor (see 
Table 2, Tests 1 and 2). 


Table 2 

Ratio and Phase-Angle Tests on Ring-Type Current Trans¬ 
formers at Rated Burden and Unity Power Factor 


Test 1. Tests on 300/1, Class BM , 30-VA Transformers A , B 

and C 


Percentage 
of rated 
current 

A 

B 

C 

Phase 

angle 

(min) 

Ratio 

error 

<%) 

Phase 

angle 

(min) 

Ratio 

error 

(%) 

Phase 

angle 

(min) 

Ratio 

error 

/%> 

100 

13-5+ 

0-45- 

13-5+ 

0-48- 

13-54 

0-54- 

50 

20-5+ 

0-45- 

22-0+ 

0-48- 

19-54 

0-55- 

20 

30-04 

0-38- 

36-04 

0*41- 

31-54 

0-52- 

10 

33-04 

0-35- 

40-54 

0-38- 

37-04 

0-47- 

5 

35-04 

0-31- 

43-04 

0-35- 

40-04 

0-45- 

1 

36-0+ 

0-35- 

44-5+ 

0-34- 

43-54 

0*43- 


Test 2. Tests on Winding 1, 2 and 3 of 1/1 30-VA Ring-Type 
Summation Current Transformer 


Percentage 
of rated 
current 

Primary 1 

Primary 2 

Primary 3 

Phase 

angle 

(min) 

Ratio 

error 

(%) 

Phase 

angle 

(min) 

Ratio 

error 

<%) 

Phase 

angle 

(min) 

Ratio 
error 
(%> . 

100 

3-34 

0-10- 

3-34 

0-10- 

3*34 

VlO- 

50 

5-14 

0-09- 

5-14 

0-09- 

5-14 

0*09- 

20 

5-24 

0-12- 

6-84 

0-07- 

6-94 

0-07- 

10 

6*24 

0-12- 

7-84 

0-06- 

7-24 

0 06- 

5 

8-14 

0*07- 

8-44 

0*06- 

8-54 

0-06- 

1 

8-24 

0-07- 

8-54 

0-06- 

8-64 

,jpo6- 


The errors at 10% load were considerably in excess of those 
given in the previous paragraph, but when the. power factor' of 
the burden was taken into account it was found that the phase 
errors were within the limits. The results are remarkable from 
the point of view of the small rate of increase of phase ‘angle 
below l/5th of full load, and the variation, although small, in 
the shape of the error curves of the summation transformer. 

The three main transformers were now paralleled and a test 
made. Unfortunately the errors at 1% of full load wfcref just 
outside the range of the set, but the increase ^in error can be 
gauged from the previous tests, the results being given in Table 3*. 
Test 1. The effect of the paralleled current transformers is 
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Table 3 

Test Test on Paralleled Current Transformers A, B and C with 
Current in Transformer C 


Percentage 
of rated current 

Phase angle (min) 

Ratio error (%) 

100 

37-0 + 

1*39 - 

50 

58*0 + 

1*42- 

20 

82-5 + 

1*31 - 

10 

94*0 + 

1*24- 

5 

101*0 + 

1*20 - 


Test 2 Test on Transformer C and Primary 3 of the Summation 
Transformer 


Percentage 
• of rated current 

Phase angle (min) 

Ratio error (%) 

100 

17*0 + 

0*75- 

50 

25*5 + 

0*78 - 

20 

42*0 + 

0*75 - 

10 

49*0 + 

0*71 - 

5 

56*0 + 

0-69- 


Test 3. Test on Transformer C with Transformers A and B con¬ 
nected to Summation Primaries 1 and 2 


with equal ratios and of measuring the residual current in a 
three-phase circuit is by means of paralleled transformers. At 
the same time it is necessary to emphasize that the ratio and 
phase-angle errors are considerably increased by the magnet¬ 
izing currents of the idle transformers, and therefore it is 
necessary that the points brought out in the investigation 
should be borne in mind when designing the transformers. 

* 

(11) RATIO AND PHASE-ANGLE ERRORS OF TRANS¬ 
FORMERS UNDER PHANTOM-LOAD CONDITIONS 
These tests were made under three-phase conditions, first at 
rated burden and then using a relay as burden to ascertain 
whether the errors were within the limits under conditions likely 
to be encountered in practice. One set of conditions occurs 
when a three-phase balanced load is passing with the addition 
of the healthy phase-to-earth capacitance currents as indicated in 
Fig. 3b. A preliminary test was made to find whether the errors 
of the combined transformers with two currents 60° apart in two 
of three transformers gave the same errors as a single current \/3 
larger in one of the three current transformers. The test was made 
with a current of 30/^3 amp in each transformer, the burden 
consisting of 30 ohms non-inductive resistance. The results are 
given in Table 4. The figures in brackets are taken from 
Table 3, Test 1, and are those with 30 amp in one transformer. 
These results confirm theoretical considerations which indicate 
that the figures should be the same. 


Percentage 
of rated current 

Phase angle (min) 

Ratio error (%) 

100 

41*5 + ‘ 

1*70- 

50 

64*5 + 

1*77 — 

20 

97*0 + 

1*70- 

10 

100*0 + 

1*60 — 


Table 4 


R 


"V 


approximately to multiply the errors by 3, although of course 
this depends on the power factor of the burden and 'the mag¬ 
netizing currents of the transformers. 

The transformers were disconnected and one transformer tested 
with one winding of the summation transformer. The errors are 
now approximately the sum of the two, although naturally the 
burden of the summation transformer will increase the errors of 
the main transformer. This is shown in Table 3, Test 2. 

Finally, the two idle transformers were 
connected to the remaining primaries of the 
summation transformer,* the test results 
of which are given in Table 3, Test 3. If 
the effect of the summation transformer was 
to reduce the paralleling effect, it would 
result in the difference between Tests 2 and 3 
being*4ess than the difference between the 
errors of the single main transformer and 
the three paralleled. Clearly there is no 
reduction in the error nor are the overall 
errors less; they are in fact increased by the 
burden and the errors of the summation trans¬ 
former. As shown in the earlier paper, f it 
is possible that these additional errors can be 
made small if the summation transformer is 
specially designed for metering with a low 
reactive internal burden. 

Thg results confirm that the best method of 
summing feeders with current transformers 


Percentage 
of rated current 


10/V3- 
10 . 


Phase angle 
(min) 


92*5 + 
(94 0 -F) 


Ratio error 
(%) 


Test conditions 


1*34 — 
(1-24-) 


Current in two 
transformers 
Current in one 
transformer (see 
Table 3, Test 1) 


For all the subsequent tests use was made of a three-phase 
testing equipment and a separate single-phase equipment to 
supply the zero sequence current. The schematic diagram of 
connections is given in Fig. 17, where loading transformers are 
shown representing the two loading equipments. To check the 
phase relationships between the two systems, use was made of 


B 


Phase-shifting 
transformer 

*VWW\ AMA/ V' ..A AAA 


3-phase loading 
transformer 


Current-transformer 
on test 


•WWW 


Ka/W V — — A AA/j. 


WWV .—V VW to 




'1 
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a single-phase phase-meter with its voltage coil energized from 
a common voltage circuit and its current coil supplied in turn 
from current transformers connected respectively in the three- 
phase and single-phase supplies. A phase-shifting transformer 
was interposed between the supply and the three-phase equip¬ 
ment so that any desired phase relation could be obtained 
between the two supplies. 

The tests brought out £ number of unexpected difficulties 
which were discovered because variable readings of phase-angle 
and ratio errors were obtained in check tests. They were due, 
broadly, to two causes: (1) contact resistance at the point where 
the three transformer leads were paralleled, and (2) interaction 
between the transformers. 

The first trouble was easily overcome by soldering the three 
leads into lugs from which a lead was taken to the burden and 
the test set. The second was, however, more subtle as it was 
generally considered that toroidal-ring transformers were prac¬ 
tically astatic; but, as previously mentioned, any small dis¬ 
crepancy between transformers will considerably affect the value 
of phase angle of the residual secondary current. This effect is 
shown in Tables 5 and 6 where the discrepancy between trans- 

Table 5 

Tests showing the Effect of Interaction between Three Paralleled, 
Toroidally-Wound, 300/1, 30 -VA Current Transformers A, 
B, C. with a Burden of 30 ohms Non-Inductive Resistance . 
Transformers spaced 51 in between Centres 


Test 

Three- 

phase 

amperes 

Single¬ 

phase 

amperes 

Phase 

angle 

(min) 

Ratio 

error 

(%) 

Test conditions 

1 

300 

60 

89-0+ 

1*41- 

Three - phase current 


300 

30 

92-5+ 

1-40- 

passed through pri- 


300 

15 

88-0+ 

1*46— 

maries of transformers. 


300 

6 

72-0+ 

1*66- 

Single - phase current 


300 

r: * 

3 

44-0+ 

2*01- 

(lagging 90° behind 
three-phase line current) 
passed through primary 
of transformer C in 
“blue” phase 

2 

300 

60 

87*0+ 

1*36- 

As for Test 1, but trans- 


300 

30 

91-0+ 

1*29- 

former C changed to 


300 

15 

90*54- 

1-24- 

“white” phase and 


300 

6 

83*04- 

1-04- 

single-phase current 


300 

3 

68*04- 

0*66- 

lagging “white” phase 
by 90°. Transformer B 
changed to “blue” 
phase 

3 

300 

60 

88*04- 

1-50— 

As for Test 1, but 


300 

30 

93*04- 

1-55— 

single-phase current in 


300 

15 

96*04- 

1*69— 

phase with “blue” phase 


300 

6 

105*04- 

2*15- 

line current 

4 

300 

60 

78*04- 

1*45- 

As for Test 2, but 


300 | 

30 

81*04- 

1-49— 

single - phase cu rrent 


300 

15 

81*54* 

1*60- 

in phase with “white” 


300 

6 

80*04- 

2*02- 

phase line current 


formers caused by interaction results in considerable differences in 
the single-phase current as it becomes smaller in relation to the 
three-phase current. It was therefore decided that the final tests 
must be made with'the same spacing between transformers as 
there would be when they were mounted on the switchgear. 

The tests given in Tabie 5 were made at 30-VA burden with 
the transformers connected to the three-phase equipment, the. 
distance between centres was 51 in, and the transformers were 


disposed side by side. The transformers were interchanged in 
physical position (in order to find the actual amount of inter¬ 
action), the single-phase leads also being transferred arfd the 
same phase displacement between line and single-phase currents 
maintained as before. A very marked difference is shown. 

The tests given in Table 6 were made with burdens of the 

Table 6 

Test on Three Paralleled, Toroidally-Wound, 300/1, 30-VA Current 
Transformers A, B, C, with Burden of Wattmeter-Type Relay 
described in Section 9 


Test 

Three- 

phase 

amperes 

Single¬ 

phase 

amperes 

Phase 

angle 

(min) 

Ratio 

error 

(%) 

Test conditions 

1 

300 

60 

24*04- 

2-37- 

As for Table 5, Test 2 


300 

30 

24*5-1- 

2*37— 

* 


300 

15 

24*5+ 

2-32- 



300 

6 

16*54- 

2*10— 



300 

3 

4*0+ 

1-71- 


2 

300 

60 

26*0+ 

2*55- 

As for Table 5, Test 3 

3 

300 

60 

23*54- 

2-45- 

As for Table 5, Test 4 


wattmeter-type relay, and from a comparison of the figures at 
the two burdens it will be seen that the phase angles of the three 
transformers lie within the curve given in Fig. 12. 


(12) Conclusion 

From experience gained in practice in the operation of the 
relays both on tests with artificial faults and under actual earth- 
fault conditions, the relays were found to be perfectly reliable, 
providing that the equipment was connected correctly and that 
the current transformers were sufficiently accurate. In* this 
respect Mumetal-core current transformers have been of great 
assistance. 

When commissioning the gear an artificial fault is valuable 
in proving the reliability of the equipment. By observing the 
operation of the relays at each substation with faults at selected 
points the complete scheme can be put into operation with a 
minimum of testing. Preliminary tests are carried out by 
single- and three-phase injection to ensure that the transformers 
ai;e balanced and that they comply with the specification. 

It is not suggested that finality in the design of this form of 
protection has been reached, but with the increasing use of 
Petersen coils this form of selective tripping of faulty lines under 
certain circumstances may be of service. These relays are 
already being used in conjunction with phase-fault relays to 
switch-out one faulty line in the event of a double ear%fault, 
leaving the original fault on the system. The difficulty of 
extreme sensitivity has been overcome by the use of a resistance 
in series with the coil which serves the double purpose of limiting 
the asymmetric current under healthy conditions and increasing 
the active component under fault conditions. This has the 
advantage of making the relay more robust, although the basic 
principles outlined still apply to its operation. * 

The authors would like to extend their acknowledgments and 
appreciation to Messrs. Edmundsons Electricity Corporation 
Ltd. and Messrs. Nalder Bros. and Thompson, Ltd., for per¬ 
mission to use the data contained in this papgr; and ib Ihe 
Wessex Electricity Co., the South Wales Electric Poweir Co. 
and the Cornwall Electric Power Co., for their co-operation and 
assistance in carrying out tests. 
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USE ON SYSTEMS PROTECTED BY 

DISCUSSION BEFORE A JOINT MEETING OF 

SECTIONS, 18TH 

• 

Mr. W. E. Milton Ayres: This paper is the result of painstaking 
investigation and close co-operation in elucidating the problems 
of this protective system. It is no easy matter tracking down a 
few minutes of phase angle on a commercial system. The 
justification, however, lies in the results, for it is now possible to 
install reliable discriminating protection with arc-suppression 
coils which will trip out a faulty section. The engineer’s choice 
is no longer whether to leave the fault on or to short-circuit the 
coil, but whether to indicate the fault direction or trip the faulty 
feeder. In the main, radial systems will employ indicating relays, 
and duplicate supplies will favour tripping. 

Some five years ago I installed indicating relays with arc- 
suppression coils over 750 square miles of rural area. Fortu¬ 
nately the combined coil currents were about 50 amp, and 
most of the current transformers were of the multi-turn type of 
only about 30 amp. Due to these favourable circumstances 
the phase angle did not get out of hand, and faulty indication was 
non-existent or very rare. 

In Section 1 the authors state: “Where the insulation of trans¬ 
formers and other apparatus is inadequate it is essential to isolate 
the faulty section. ...” I would like to suggest that the 
primary consideration is continuity of supply and that trans¬ 
formers and transmission lines should, and can easily, have ade¬ 
quate insulation. The class of apparatus which is most difficult 
to insulate for continuous full line pressure to earth is the slot- 
wound machine, such as the turbo-alternator. 

In Section 3,1 agree that under- and over-compensation is the 
more*desirable expression and that there is no resonance at the 
time of an earth fault. This is not because the capacitance and 
inductance are drawn from different phases, but because the 
wattless components are tied to a definite voltage. An induction 
motor completely compensated to unity power factor by con¬ 
densers has no resonance so long as it is connected to line voltage, 
although there is no question of different phases. In the same 
Section it is stated that the characteristics of the coil are governed 
by the time that must be allowed for the* system to regain its 
normal condition. This is very much putting the cart before the 
horse. Arc extinction depends on the rate of rise of recovery 
voltage which is a minimum with lowest “total” losses for coil and 
dielectrics. These lowest losses, however, exaggerate the relay 
problem. 

In Section 8.1 the power factor of the coil is given as 0-0063, 
but the coil capacity for 12-kW losses is 25 amp times 38 000 
volts = 950 kVA; one would therefore expect a power factor 
of 0 0125. 

We hear of better overhead-line insulator performance with a 
recently developed semi-conducting glaze which allows a leakage 
of some 50milliamp per mile on 66-kV strings. I should like 
the authors’ comments on the effect this may have on relay dis- 
criminstion as outlined in the paper. 

Mr. F. j. Lane: The authors are to be congratulated on the 
very painstaking way in which they have tackled the problem 
of applying discriminative protection to a system using Petersen- 
coil earthing. Examination in great detail is essential because of 
the very small margin in which correct operation can be obtained, 
and necessity for such detailed consideration must produce 
an unfavourable reaction against any general application of the 
method. 

In its consideration of the need for automatic protection on a 
Petersen-coil earthed system, however, the paper does represent 
a modification 3f the more usual dogmatic attitude that such a 
system requires no further earth-fault protection as one phase 
can remain earthed indefinitely. Sustained earth faults are a 




PETERSEN COILS: DISCUSSION 
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FEBRUARY, 1944 

menace to continuity of supply and may involve public danger, 
and experience with Petersen coils shows that an appreciable 
proportion of coil operations are not successful in suppressing 
and clearing the fault. Records for 194 miles of 33-kV line 
during the first 9 months of 1943 show that out of 45 coil opera¬ 
tions, 17 lasted for more than 5 seconds and were cleared by 
other protection. 

It would seem to be a far better general practice to earth the 
system neutral point automatically through a resistance (or 
direct) if the fault is not suppressed within say 5 seconds—thereby 
permitting normal protective gear, with adequate operating 
margins, to clear the faulty circuit—than to attempt to use the 
coil currents as a basis for discriminative clearance, with the 
associated laborious preliminary investigation and limited relay 
operating margin of safety. 

The application of a Petersen coil to a transmission system is 
usually accompanied by effects in addition to those mentioned in 
the paper. For example, the coil current contains an appre¬ 
ciable fifth harmonic component which must affect the relay 
operation. Also it is not usual for a coil to be precisely tuned to 
the system capacitance, so that both under- and over-tuning need 
to be taken into account. The capacitances of the three phases 
to ground are never accurately balanced, so that an unbalanced 
component of the charging current sets up partial resonance with 
the coil, limited by the coil losses, such that a noticeable voltage 
appears across the coil in normal conditions. Current-trans¬ 
former characteristics are considered in detail in the paper, but 
there is little, if any, reference to voltage-transformer accuracy, 
which would seem to need equally careful investigation, particu¬ 
larly where, as suggested in Section 3, a five-limb broken-delta 
voltage transformer is used. I should welcome further comments 
on these additional factors. 

Mr. H. Leyburn: What interests me most is the field of appli¬ 
cation of the relay described by the authors. As Mr. Lane has 
pointed out, the method usually adopted in Great Britain is to 
short-circuit the arc-suppression coil automatically, say 5 to 10 
seconds after the occurrence of an earth fault, i.e. when sufficient 
time has elapsed to indicate that the fault is permanent This 
makes it possible to use discriminating phase-fault protective 
equipment, which is usually installed on a system of any im¬ 
portance, to give also discriminative earth-fault protection at 
only slight additional cost and without current transformers of 
extreme accuracy, such as have to be used with the earth-fault 
relay described by the authors. On this account, as well as for 
the reasons mentioned below, the new relay is not likely to be 
used on such systems. 

It is, however, particularly applicable to systems in which, as. 
on the Continent, an earth fault is “held” or “sustained” until 
it can be disconnected by hand. The principal economic dis¬ 
advantage of this method is that such systems have to be insu¬ 
lated to a higher level, say 20 to 30 per cent higher, than those 
in which earth faults are cut off quickly; and if relays of the type 
described by the authors are used their first cost, and particularly 
that of their associated special current transformers, has also to 
be taken into consideration. 

A technical difficulty, which the authors refer to, but have npt 
dealt with adequately, is to ensure that the relay on a healthy 
feeder pointing away from the fault shall operate satisfactorily. 
For this purpose they suggest the “simple” expedient of shifting 
the phase of the voltage of the relays on the incoming feeders of 
substations. Tim may appear simple at first sight, but even 
with the laybut shoTO in Fig. 9 it is almost impossible to decide 
which of the feeders are incoming and which are outgoing; for 
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example feeders (a) and (b) at substations S and T. Is this 
determined by the direction of the normal-load current or by 
that of the capacitance current under earth-fault conditions? If 
the latter, the addition of a feeder to a system may alter the 
capacitance distribution and convert what has been an incoming 
feeder into an outgoing feeder, and vice versa. This difficulty is 
of course greatly accentuated, and may indeed become insur¬ 
mountable, in a system more closely interconnected than that 
of Fig. 9. 

These considerations lead me to the conclusion that the main 
field of application of the relay is to relatively unimportant and 
simple networks in which earth faults are sustained for some 
time, and not to systems, such as are more usual in Great 
Britain, in which they are automatically disconnected by dis¬ 
criminative protective gear, most of which has in any case to 
be provided for protection against phase faults. 

Mr. D. E. Bird: I think the paper is particularly appropriate at 
this time in view of the almost certain big increase in the near 
future in the use of arc-suppression coils. May I suggest that 
they be called arc-suppression coils and not Petersen coils? 

I do not think that the use of the continuously-rated coil or 
the coil which is to be used for sustained earth faults is quite so 
simple as the authors explain. On this point I do not altogether 
agree with earlier speakers. Systems with graded insulation, 
such as transformers or alternators with concentric windings, 
must have some device for short-circuiting the coil or otherwise 
cutting out the earth fault. 

I am glad that Mr. Ayres does not think the insulation need 
be increased for the purpose of sustaining an earth fault. I 
agree, particularly with regard to 11- and 33-kV systems, many 
of which work very satisfactorily with the sustained earth-fault 
arrangement with normal insulation. 

In a rural radialsystem, probably at 11-kV or possibly at 33-kV, 
a duplicate supply is not generally provided. If the feeder is 
tripped, several towns and villages may be deprived of their 
supply, when it is far better to sustain the fault. The chance of a 
double earth fault must be risked, but in practice the risk is not 
very great. On the other hand, on a 66-kV system supplying 
very large amounts of power, most power consumers have a 
duplicate system of mains. Therefore a section of the system 
can be^ut out without interrupting the supply; this, I think, is 
the course which should be taken. On the latter type of system 
it must be decided whether to use a relay of the kind described 
in the paper or to short out the arc-suppression coil by an earth¬ 
ing resistor with an automatically operated switch. I think 
the use of the relay has advantages and that there is less likeli¬ 
hood of introducing unwanted surges than by short-circuiting 
the arc-suppression coil. 

From the safety aspect, a line lying on the ground may often 
be touched without serious injury while the system is operating 
with the arc-suppression coil in circuit, but on the other hand if 
an earthing switch is closed and a comparatively high current is 
passed through the earth fault, anyone unlucky enough to touch 
the conductor at that moment will be electrocuted. The switch¬ 
ing out of the faulty section by means of a wattmetrical relay 
has therefore the advantage from the safety angle. 

I hope the authors will continue their research with a view 
to developing a relay which will give selective clearance on 
double earth faults, allowing the largest systems to be used with 
continuously-rated arc-suppression coils, thus obtaining the 
maximum degree of continuity of supply. 

Mir. M. Kaufmann: I was connected some eight or nine years 
ago with the earliest applications jn this country of British-made 
sensitive directional relays to compensated systems. Prior to 
that some German relays had been applied in this country; but 
neither was^^ success. The reasons for this are 


fully explained in the paper, which fills in many details only dimly 
discernible at the time the first tests were made. Those early 
relays are still being used in circumstances similar to, and^some 
even under conditions more onerous than, those in which the 
relays gave a rather indifferent performance. Some of these 
relays are being used to give indications of transient, as well as 
persistent, faults, though their use to trip faulty circuits is less 
common. 

What has changed, as the paper makes clear, is our knowledge 
of the effect of the current-transformer characteristics on relay 
performance, and of the current distribution in the primary 
system under widely different fault conditions and power-system 
interconnections. The main difference between the conditions 
presented respectively to a relay required to operate and one not 
required to operate is a few degrees in the phase position of the 
relay current with respect to its voltage. Add to this that the 
non-operating relay receives a very large current and the opera¬ 
ting relay only a minute one, and it is evident that success^ or 
failure can be decided by a small phase error in the associated 
transformers. 

The performance is also affected by ratio errors and by the 
effect of under- and over-compensation in the suppressor. It is 
not surprising therefore that, as the authors have found, the 
difficulties can sometimes only be resolved by artificially in¬ 
creasing the active loss component of the suppressor. Person¬ 
ally, I am in sympathy with Mr. Lane’s preference for short- 
circuiting the suppressor on persistent faults and using conven¬ 
tional discriminating relays. 

Mr. E. W. Hill: On the question of the relative merits of direct 
paralleling of equal-ratio current transformers as compared with 
the use of summation transformers, there would seem to be; from 
the references in Section 5.3 and the last two paragraphs of r 
Section 10 some contradiction between the authors’ conclusions 
and those recorded by Mr. Shotter and myself in Section 12 of 
our paper “Current-Transformer Summations” read before this 
Institution* 13 years ago. These opposing conclusions were 
derived from tests in which the conditions differed in some 
material respects from those in the present authors’ work, thus 
affording a possible explanation for the divergence. For example, 
our summation transformer had separated primary windings, 
three 10-amp primaries, one 5-amp secondary and 550 total 
ampere-turns; whereas the authors’ transformer had intermingled 
windings, three l-amp primaries and one l-amp secondary, and 
900 total ampere-turns. In our tests the secondary burden was 
low, under 2 VA; theirs was rather high, 30 VA. Furthermore, 
our test-set was connected to the secondary of one active current 
transformer, whereas the authors’ was connected to the secondary 
of the summation transformer. The difference in the Ideation of 
the test-sets is, of course, of paramount importance. Judging 
from the authors’ references and those on pp. 151-152 of Dr. B. 
Hague’s book “Instrument Transformers,” I think it is possible 
that Section 12 of our 1931 paper has been misconstrued. In 
order to clear up the matter, Mr. Shotter and I intends carry 
out further experiments and to communicate the results in due 
course to The Institution. 

Dr. P. F. Stritzl: One fairly important aspect is not mentioned 
in the paper, namely whether transient faults should be indicated. 
Those in favour maintain that-any trouble on the system* how¬ 
ever short in duration, should be indicated. Those agaic^fr such 
indication consider that there is no need for it and that it un¬ 
necessarily distracts the attention of the engineers on duty. 
What is the authors’ opinion? 

The current transformer is responsible for nearly all trouble 
experienced with the type of relay under cdhsideration. In 
Fig. 12 the authors give some very useful information as to the 

* Journal ME.E., 1931, 69, p. 1251. 
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permissible angle "terror. Unfortunately the curve refers to one 
particular voltage and a particular current-transformer ratio. It 
would-be more useful still if the authors could give a curve or a 
family of curves generally applicable also to 11-kV and 33-kV 
systems and, if possible, to various current-transformer ratios. 

What is the authors’ opinion on the approximate angle of 
error found in current transformers now usually employed on 
11- and 33-kV systems? Section 5.5 states that the core-balance 
transformer is a complete answer to the problem if multi-tum- 
primary current transformers are impracticable, and that on 
6*6-kV and 11-kV systems this method is of considerable value. 
This should be qualified, ascore-balance transformers of inade¬ 
quate core section may have excessive angle errors. They can, 
of course, be compensated by resistors and R 2 , as shown in 
Fig. 13. In practice this adjustment must be made, I think, by 
means of an actual earth-fault test; or do the authors advise the 
testing of existing current transformers in the manner shown in 
Figr 17? 

The paper refers only to induction-pattern relays; if dynamo- 
meter-type relays were used a capacitor would take the place of the 
resistor. The arrangement shown in Fig. 9 is open to some 
objection, as any graded scheme on ring mains would only be 
applicable under specific conditions. I think this would not 
apply if the relays were used only for indication, as there is no 
need then to shift the phase artificially in station Q. 

In the last paragraph, the authors mention double-earth-fault 
discrimination. Some details on this point are desirable, as such 
discrimination is becoming increasingly important. 

Mr. P. Mathews: The authors confirm the conclusion we 
reached some years ago that this protection is very largely, if 
not principally, a matter of correct current-transformer design. 

* Hence producing a successful scheme using a 66-kV bushing 
transformer is a remarkable feat, especially as the authors trip 
breakers selectively in the manner usually associated with more 
common forms of protection. 

Some years ago we installed a scheme of this kind on an 11-kV 
system. We did not include breaker tripping, but left the 
operating staff to make dispositions consistent with maintenance 
of supply as required, e.g. by opening a ring main at one point, 
etc. The system comprised a mixture of cable and overhead 
lines, and there were variations in the power factor of the relay 
operating current as noted by the authors in Section 3, Experi¬ 
ence gained endorses the author’s views on fault settings and 
permissible phase angles given in Section 8, and confirms that to 
obtain sufficient torque in the relays on faulty feeders without 
prejudicing correct operation on healthy ones, and vice versa, 
is a question of current-transformer design. 

The authors’ vector diagrams include both (a) the capacitance 
current which flows under normal conditions, and (b) the extra 
portion which flows under earth-fault conditions. All this has 
to be taken into account because current transformers have 
resistance but the user is only concerned with (£), since it is 
only this that appears in the relay, and if the designers have 
been successful (a) is eliminated. The flow of (b) is shown in 
Fig. A, where a virtual voltage V 0 , numerically equal to the 
phase voltage, is applied to all three phases in parallel at 
the fault point, and causes a flow of zero-sequence current as 
indicated. 

Relays at g and F operate at unity power factor as the arc- 
suppression coil reduces the fault current to residual loss current 
only; but as there is a flow of current through the feeder admit¬ 
tance y to earth, a relay such as A beyond y, say at the busbar 
end* of the feeder, will be carrying a corresponding amount of 
inductive balancing current, and so on for more complicated 
cases. This simplification is of considerable value in considering 
what primary currents, etc,, will be available in any given project. 



Fig. A 

as only a single-phase diagram is necessary to deal with zero- 
sequence currents. 

Obviously on a radial feeder with a fault towards the far end, 
the loss current of the part between the relay and the far end con¬ 
tributes nothing to the operation of the relay, but it is interesting 
to note that if the suppression coil is exactly in tune and the loss 
angle a of the system (i.e. of y) is uniform, a phase-angle error 
of a in the current transformer, etc., will give the effect of re¬ 
placing the missing loss current, and relays at all points of the 
feeder will experience the same operating power, i.e. the total 
losses of the system and coil together. On a healthy feeder 
under the same conditions, the operating power will be zero, 
and this is the limit pointed out by the authors if wrong indica¬ 
tion on healthy feeders is to be avoided. 

On an interconnected system where there are two or more 
parallel paths, the total losses even under these theoretically ideal 
conditions will be divided by the number of parallel paths. The 
authors dismiss this rather lightly, since the required relay- 
operating power must be not greater than 1 In of the total system 
losses including the coil, where n is the number of parallel paths. 
Even where switch tripping is employed n may be equal to 2. 

Mr. A. J. Ruddock: The principle of automatically discon¬ 
necting a faulted line section after a predetermined time interval 
is desirable , when by virtue of system interconnection this can be 
effected without disturbing the supply to consumers, especially 
on the higher voltage systems where a high margin of insulation 
cannot be economically provided. The scheme evolved by the 
authors provides a valuable extended form of graded tftne dis¬ 
crimination without any of the disadvantages usually associated 
with high time settings. 

On rural systems where protection and switchgear are ele¬ 
mentary in character, sections between main substations cannot 
be so isolated under fault conditions without disturbing the supply 
to the many small substations en route ; thus sustained coil opera¬ 
tion is essential to permit that faulty section to be manually 
sectioned-down by aerial switches and the like until the faulty 
piece is eliminated. The essential aid for this process is the 
indicating relay, and in the past six years the N.S.S. (B.T.H.) 
relay has been successfully employed for this purpose. Having 
a minim um setting of 0*03 amp on a 90-amp system with a 7% 
in-phase component, indication has been most reliable on the 
radial feeder distributors; experience has shown that under ringed 
conditions a 10% in-phase fault component is desirable to give 
decisive action on all relays. This is being accomplished with 
the commissioning of a second coil to work in parallel with the 
present unit. 

Dr. E. Billig: In Section 3 the authors state that there is no 
resonance in systems protected by Petersen coils at the time of 
an earth fault. However, as soon as the fault is cleared or the 
faulty feeder disconnected, the neutral point and with it the whole 
system does oscillate at a frequency of nearly 50 c/s, if properly 
tuned. Resonance voltages of a dangerous magnitude might 
thus occur whenever a zero phase voltage was imposed on the 
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system, owing for example to some asymmetry in the three 
phases. 

When Petersen coils were first put into service on the Conti¬ 
nent, resonance troubles were frequently encountered. Over¬ 
head lines not properly transposed, or internal faults in one^ 
phase of a transformer, ,were the most common sources of the' 
trouble, giving rise to high resonance voltages. The design of 
Petersen coils was subsequently altered by working the iron core 
at such high densities that any tendency of the neutral voltage 
to rise to dangerously high levels would be suppressed by the core 
becoming saturated. 

The authors express surprise at the slow rate of rise in errors 
when current transformers are operated at a very small fraction 
of their rated current. Actually current-transformer errors vary 
in inverse proportion to the permeability of the iron core and 
approach a constant value at zero current corresponding to the 
initial permeability which for Mumetal is fairly high. 

As mentioned in Section 4, toroidal current transformers are 
usually astatic. When placed in an inhomogeneous magnetic 
field however, such as that due to the load current in an adjacent 
phase, a certain amount of flux is induced in the core as the 
field is stronger in those parts nearer to the current-carrying lead. 
This effect can easily be demonstrated by connecting a vibration 
galvanometer to the open-circuited secondary winding of a 
current transformer which carries no primary current, but is 
placed near a conductor carrying heavy current. The magnitude 
of the excitation due to current I can easily be derived as 
— I(d/2D) n , where D is the distance from lead to centre of core, 
d the mean diameter and n = 3 for a round core, or d is the 
distance between limbs and n == 2 for a square core. The leakage 
field produced by symmetrical three-phase current in each one 
of the three cores is in phase with the current in the centre phase. 
Its influence on the errors becomes greater as the magnitude 
of the load current exceeds that of the single-phase current to be 
measured by the relay. This is evident from Table 5, where the 
errors with 60, 30 and 15-amp single-phase currents are practi¬ 
cally the same in each test, and are of the same magnitude and 
phase as those of Table 3, Test 1, corresponding to 20, 10 and 
5 per cent of 300 amp. For the lower single-phase currents the 
leakage field shifts the error and phase angle more and more, 
with tfe results depending in tests 1 to 4, on the phase relation ' 
between the single-phase current and the leakage field, which in 
turn is practically in phase with the load current in the centre 
phase, as explained above. According to the formula given, the 
load current of 300 amp will excite the current transformer in 
the adjacent phase with — 300(6J/2 x 51) 3 = — 0*069 amp. 
This additional excitation accounts quantitatively for all the 
changes in performance recorded in Table 5. It should be noted 
that 16 times greater effects would be expected if square cores 
had been used instead of round ones. 

Mr. W. T. J. Atkins {communicated ): The paper gives an 
admirable and exhaustive review of the electrical conditions 
which occur in a system earthed through a Petersen coil and 
affected by a single earth fault. The methods of exposition are 
remarkably clear, and, though suitable modifications are desir¬ 
able for purposes of practical computation, they set out once and 
for all the quantitative principles controlling the design of fault- 
detecting equipment on such systems. The importance of this 
work is great, since we maty confidently look forward to expand¬ 
ing applications of these methods in the development of pro¬ 
tective technique. Again, the authors’ investigations of the dis¬ 
turbing effects, introduced by voltage and current transformations 
are a model of how to establish the prima facie practicability of 
obtaining response to the fail It conditions in question, by relays 
Operating on secondary quantities. 

In these circumstances, it is disappointing^ to fifid this subject 


of final testing by artificial faults dismissed in two casual sen¬ 
tences. On the paper’s own showing, some of the factors 
affecting the performance of the equipment are unknown—and 
sometimes even unknowable—as to their absolute magnitude and 
phase position, so that often there is no recourse other than an 
appeal to the ultimate overall test for commissioning adjustments. 
That, in fact, is the reason for the very important and valuable 
phase compensation provided in the relays and described in 
Section 9.2. Probably space limitations have prevented the ade¬ 
quate treatment of this matter, which deserved more prominence, 
but, in passing, it is worth drawing attention to the rare and 
fortunate circumstance that, with this special type of protective 
combination, testing by artificial faults causes no system dis¬ 
turbance and hence is easy and convenient as compared with the 
verification of most other protective devices. 

A further question, which is ignored in the paper, concerns the 
effects of wave-form distortion. If the system-voltage wave con¬ 
tains harmonic components, the various capacitance and fault 
currents will contain corresponding components, magnified by 
the order of the harmonics. Although ideally these qomponents 
should not modify the response of the fault detectors to any 
material extent, they might well in practice have a serious dis¬ 
turbing influence on induction-type apparatus. As experience 
shows that this effect can be of considerable magnitude, it would 
be of interest to know how the authors render their relays immune 
to it. 

Mr. A. Burke ( communicated ): It is regrettable that the authors 
should have helped to perpetuate an approach to the subject 
which does not always lead to correct conclusions. The funda¬ 
mental effect of a “dead” earth-fault is to superimpose on the 
existing voltages of all conductors a voltage to earth eqhal in 
magnitude but opposite in phase to the voltage to earth (prior to r 
the fault) of the faulty conductor, at the point of fault. Assuming 
equal capacitances to earth, this voltage sends a current to earth 
from each conductor equal and opposite to that portion of the 
charging current of the faulty phase, which previously flowed to 
earth and which was neutralized by the corresponding currents 
from the other phases. This gives the same result as that shown * 
by the authors as far as currents to earth are concerned, but an 
essentially different one for the currents in the individual 
conductors. 

Taking the simpler case of a healthy feeder, the authors say 
that the result of an earth fault is to add to the existing positive 
and negative sequence currents a zero sequence current in two 
phases only. As is clear from above, the zero sequence current 
is the same in all phases. Thus, difficulty due to magnetizing 
idle transformers does not arise on healthy feeders (nor beyond 
the fault on the faulty feeder) and the example of a short faulty 
feeder with a residual current of only 2 or 3 amp is also in¬ 
appropriate. The statement that this small current must provide 
magnetizing current for the healthy phases is misleading since, 
presumably, the test results for ratio and angle errors include this 
effect. The ratio error is in any case unimportant. Tfe angle 
error may be greater, but its effect is much smaller, than with 
larger currents. For instance, 10 amp at an error of 1° changes 
the apparent active current by 0* 17 amp as compared with 0-07 
for 2 amp at an error of 2°. In both cases the true active com¬ 
ponent is the same. The angle error may in fact be decreased, 
depending on. the resistance and reactance of thp burdenfand 
whether there is over- or under-compensation. 

With perfect tuning, all reactive current returns from earth 
via the Petersen coil and then flows along both the healthy and the 
faulty feeders, decreasing uniformly to zero at their far ends; 
it is equally divided between the three phases. With over- 
compensation there is, in addition, the excess current which 
flows out to the fault in the faulty phase only. The authors* 











USE ON SYSTEMS PROTECTED BY PETERSEN COILS: DISCUSSION 


references to “busbars carrying Petersen coil current” apply only 
to this excess and to the active component; without this qualifica¬ 
tion the expression is misleading. 

Again, the authors deal only with under-compensation in their 
diagrams, and it should be particularly noted that the deficiency 
current does not necessarily flow between the Petersen coil and 
the fault; it flows to all transformers and other apparatus which 
afford a path to the other phases, and divides between them 
according to the zero sequence impedance of their paths. 

Mr. R. C. Cuffe (<communicated ): It is unfortunate that the 
authors’ approach to the subject of this paper has been so com¬ 
pressed. Many points concerning the vector and schematic 
diagrams are by no means self-explanatory. Practically all 
papers published in English on the technics of systems equipped 
with Petersen coils merely scratch the surface of this rather 
complex subject, usually confining themselves to saying no more 
than what previous papers have already stated. The present 
authors are to be commended for doing more than that, but 
owing to the condensed nature of their paper it is feared that the 
relative importance of many points mentioned will not be 
properly appreciated. 

The reasons given by the authors for the necessity of auto¬ 
matically isolating the faulty section of a system immediately are 
not quite clear. Possibly this view may have been influenced by 
the genera] long association with solidly earthed systems. Re¬ 
garding their first reason, any insulation, which in operation has 
to withstand repeated half-minute applications of a given voltage, 
must surely be designed to withstand that voltage continuously. 
Perhaps the authors had in mind voltage transformers with some 
point of their winding earthed. The cost of replacing such 
transformers by others capable of withstanding line voltage con¬ 
tinuously would not be excessive and would probably compare 
favourably with the authors’ scheme involving many precision 
current transformers. As to the second reason, the danger to 
life of a fallen conductor is probably more apparent than real, 
except in the case of high resistances to earth when the correct 
operation of the authors’ scheme may be problematic. Perhaps 
the authors could give some information on the operation of their 
scheme under such conditions. 

If short-time tripping is to be utilized, why cannot the losses 
of the Petersen coil be increased considerably to give the twofold 
advantage of a cheaper coil and more watts available for opera¬ 
ting the relays? Probably a less sensitive relay would then 
suffice. The, scheme described appears to rely largely on the 
shifting of the voltage E p to avoid the faulty tripping of healthy 
feeders. An essential with this arrangement is that the system 
shall be under-compensated. When a section of the system is 
disconnected automatically on the occurrence of an earth fault, 
then the system remaining will probably be left over-compensated. 
If a second earth fault occurred before the Petersen coil had been 
readjusted, it would appear that a general collapse of the system 
would ensue. Undoubtedly two consecutive earth faults may 
not berfommon, but under lightning conditions this can occur, 
and the practical difficulties of then ascertaining that the coil 
needs re-tuning (should a remote section trip) and of setting it 
to the correct value are not inconsiderable. 

The figures given by the authors for the power factor of a 
healthy feeder are interesting. Perhaps they could indicate 
how*these vary for systems of different voltages, and also the 
weather conditions both before and at the time measurements 
were made. If practical data have already been published on 
this, the references >frould be welcome. * 

Mr.*V. Easton (< communicated ) : In the opinion of many engi¬ 
neers, 4he chief advantage of earthing a system through arc- 
suppression coils is the possibility of clearing transient earth 
faults with a minimum of disturbance, rather than the ability 
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to operate for an indefinite period with a fault on one line. The 
latter practice results in excessive stress on the system insulation 
and the possibility of interference with communication circuits, 
together with other difficulties. In these circumstances, the 
development of another type of relay to disconnect the faulty 
section after a few seconds delay is of much interest. 

Considerable pains have been taken by the authors to obtain 
a relay sensitive to the comparatively small power component of 
the fault current. A high degree of accuracy is essential for* 
the current transformers, and if applied to an existing system this 
might necessitate replacement of existing transformers. Such 
action might be avoided, if arrangements were made to increase 
artificially the power component of the fault current, by connect¬ 
ing automatically a resistor in parallel with the coil, should 
the fault persist for a given period. Such a scheme has frequently 
been adopted, the fault current with the resistance in circuit being 
sufficient to cause operation of normal earth-leakage or over¬ 
current relays. 

In some circumstances, the comparatively high fault current 
necessary to operate such relays may be considered undesirable, 
but even so there would be no objection to increasing several 
times the minimum power loss given in Section 8.1.1, thus per¬ 
mitting a less sensitive setting of the relay. A somewhat similar 
arrangement has been contemplated by the authors in Section 12, 
and it would be interesting to learn the increase in the active com¬ 
ponent under fault conditions which has actually been required. 

Mr. G. Minter ( communicated): Of the various methods of 
dealing with a sustained earth fault on a system protected by a 
Petersen coil, the one described by the authors restores the pro¬ 
tection of the coil to the healthy part of the system in the shortest 
time and with the least disturbance. The advantage is a very 
real one during severe thunderstorms, when a sustained fault 
on one part of the system may be followed, after a short interval, 
by a transient fault on another phase and on another feeder. It 
may mean the difference between losing one feeder and losing 
two feeders, and the loss of two feeders on a ring-main system 
may involve a considerable interruption of supply. 

The method of short-circuiting the Petersen coil in the event 
of a sustained fault can only compete, in this respect, with the 
method described by the authors, if means are also provided 
for the automatic re-opening of the short-circuiting swiffch after 
a sustained fault has been cleared. In spite of this and other 
advantages, the wattmeter-type relay is not likely to be used 
extensively on existing systems, unless it can be used with existing 
current transformers and can confidently be left in commission 
after a small number of tests have been carried out in order to 1 
check connections, etc. 

If any doubts exist regarding the behaviour of the complete 
protective equipment, tests must be carried out which, owing to 
the number of variables involved and the problem of providing 
observers and telephonic communication, are very difficult to 
stage. 

It appears, however, that if a relay imposing a negligible burden 
on the existing current transformers could be used, it might be 
possible to reduce the overall errors to a level comparable with 
those given in Table 6. There is at least one design of ther¬ 
mionic relay which appears to be suitable and which includes only 
one valve; current flows in the anode circuit only while fault 
conditions exist, and experience shows that this valve gives very 
satisfactory service when working under similar conditions. I 
should like to know whether the authors consider that the errors 
would be reduced to the levels cited in Table 6 if such a relay 
were used in injunction wi^ 150/1 bar-primary protec¬ 

tive current transformers. The Petersen-coil current is approxi¬ 
mately 50 amp, and the current transformers, used exclusively 
for the purpose, could probably be balanced, to some extent^ 
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for positive and negative phase-sequence conditions by primary 
injection. 

In Section 8, the authors refer to operation of the relays on 
incoming feeders at substations supplying healthy portions of the 
network, and state that this is avoided by a phase shift on relays 
on incoming feeders. Since most feeders on a ring-main system 
become incoming feeders under certain conditions, it seems 
unlikely that this is a remedy which can be applied indiscrimi¬ 
nately, and it appears preferable to reduce the sensitivity of all 
relays at very low leading power factors. This, of course, could 
be done very easily with a thermionic relay. 

The authors refer in Section 11 to troubles due to contact 
resistance at the point where the three transformer leads were 
paralleled. Do they recommend that all current-transformer 
secondary connections should be sweated when used on this type 
of protection? 

Mr. J. J. O’Doherty ( communicated ): Sensitive wattmetric 
relays for indicating faults on arc-suppression systems have been 
in successful operation for at least 15 years. The use of numerous 
vector diagrams to explain the elementary features of operation 
of this simple relay is very tedious. An approach which may 
make a wider appeal is obtained by considering only the active, 
as distinct from reactive, power which operates the relay. The 
equivalent single-phase circuit formed by the earth and the trans¬ 
mission-line conductors continually dissipates energy which it 
must receive from some power source. The obvious source is 
the prime mover driving the three-phase generating plant, and a 
real transformation of active power from three-phase to single¬ 
phase must take place at the earth fault. Thus, the operation 
of the relays can readily be visualized by picturing a single-phase 
generator at the fault and ignoring three-phase generation. 

The statement that the permissible difference between I P and 
/ C3 depends on the characteristics of the coil and the system 
voltage is somewhat wide of the mark; it would seem better to 
say that the permissible out-of-balance depends on the rate of 
rise of restriking voltage in the circuit. 

Considering the general use of the tripping scheme put forward 
by the authors, it is quite clear that there are practical factors 
which will render it unreliable in particular systems. Two such 
factors which the authors have not referred to are (a) variation in 
conductance over insulators, and (b) high-resistance earths on 
system with unearthed cross-arms. 

Some fault statistics for the system described would be greatly 
appreciated. 

Mr. W. Szwander ( communicated f): Earth-fault relays in Peter- 

THE AUTHORS* REPLY TO 

Messrs. L. B. S. Golds and'C. L. Lipman (in reply): We shall 
first deal with two subjects which appear to be of general interest, 
and then reply to contributors individually. 

Application of the Equipment. —Messrs. Lane, Leyburn and 
Katifoann favour short-circuiting the coil through a resistance 
after which the normal earth-leakage protection should operate, 
while Messrs. Bird, Ruddock, Minter and Szwander appreciate 
the advantages of isolating the faulty feeder with the equipment 
described in the paper. The first method has already been used 
extensively, but it causes a power arc at the fault when the re- ' 
sistance is switched in, which may cause a phase-to-phase fault 
and will ip any case cause more damage than the residual fault 
current with the coil in circuit. More details of the faults men¬ 
tioned by Mr. Lane, which were cleared by other protection, 
would have been interesting. Moreover, with high-resistance 
faults it is difficult to make ordinary earth-leakage relays operate 
at J ail. Those who favour isolation with the coil still in circuit, 
retain the advantages of Petersen-coil protection during the whole 


sen-coil protected systems are necessary because some earth 
faults are persistent. Even when system insulation makes pos¬ 
sible a sustained operation with one phase earthed, at legist a 
positive indication of the faulty section is necessary, in all but 
very simple systems, to enable a speedy restoration of normal 
operational conditions. When system insulation is not ade¬ 
quate for operation of any duration under fault conditions, 
sustained earth faults must be quickly localized and isolated. 
For this purpose, the Petersen coil is short-circuited in many 
systems in this country, so as to initiate the operation of the 
system short-circuit protection. 

The system of protection described by the authors represents 
a much better solution of the problem, because it avoids creating 
the undesirable short-circuit conditions in the system, with the 
associated heavy duty on oil circuit-breakers, with increased 
damage at the fault spot, etc. Even when system insulation is 
high enough for sustained operation with displaced voltages, such 
operation ought to be avoided, because of the potential danger 
arising with a second earth fault. For this purpose discrimina¬ 
tive protection as described in the paper is very useful. 

This kind of protection has been employed on the Continent 
for over 15 years, particularly for underground systems, where 
earth faults in cables cannot be left too long without isolation. 
It is worth stressing that, when applying the system described, 
besides all the difficulties caused by the extremely high,sensitivity 
requirements, there is also the great advantage of not being 
restricted by any limitations concerning the speed of relay 
operation. Excessive requirements regarding relay sensitivity 
and current-transformer performance can be avoided by arti¬ 
ficially increasing the Petersen-coil losses during the time of 
relay operation. This can be done, e.g., by a secondary winding 
on the coil, and by loading this winding with a suitably dimen¬ 
sioned resistance, after a time equal to the lowest relay time¬ 
setting. The provision of an automatic switch for the purpose 
is well worth while compared with the gains achieved by easing 
the duty of protective current transformers and relays. 

There are some minor inconsistencies in Section 3 of the paper. 
In Fig. 2(b), the fault-current consists of the components I C w 
and I PW not when the currents I P and Ici themselves are equal, 
but when the reactive components of these currents are equal. 
It is not correct to say that “actually there is no resonance” at 
the time of earth fault; in my opinion, there is here a typical case 
of current resonance, because the voltage feeding the capacitance 
and the inductance have a common component, namely the 
e.m.f. of the faulty phase. 

THE ABOVE DISCUSSION 

f 

period of the; fault and immediately after it. We should perhaps 
mention that it is usual to run the system normally under¬ 
compensated in order to avoid excessive over-compensation after 
isolation and until the coil is readjusted. 

Current Transformers .—There seems to be an impreslfon that 
high-accuracy current transformers are essential in all cases, but 
this is certainly not so, and the allowable errors can be easily 
worked out from the formula in Section 6.3 to meet various 
system conditions. Messrs. Ruddock, Mathews, Kaufmann and 
Ayres have satisfactorily operated the system for indication with 
Stalloy-cored transformers, although their success, may berdue 
mainly to fortunate circumstances. We are, however, aware of 
instances where the transformers have- not been quite good 
enough to deal with the impedance of the particular relay in use. 
The design of relay described in the paper was adopted on account 
of its high inherent efficiency resulting in a lowWA burden on 
the transformers. Compart with the cost of the rest of the 
gear, that of the protective equipment is not excessive. , 
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Mr. Ayres .—The fact that the capacitance and reactance 
currents are draw.n from different phases does, of course, tie the 
voltages, but we wished to make the point that the sources of 
the two currents are not the same, and that the only common 
portion of the capacitance and reactance circuits is the fault and 
the faulty phase at the time of a fault. 

We are indebted to Mr. Ayres for pointing out the error in 
the power factor of the coil which has now been corrected, and 
also for drawing attention to the semi-conducting glaze insulators 
which would increase and stabilize the angle a, and thus enable 
less accurate current transformers to be used. These insulators 
appear to us to have most desirable features from the point of 
view of this equipment. 

Mr. Lane .—The voltage transformer has not been the major 
source of trouble in obtaining satisfactory relay operation. 
We should add that five-limb transformers with the auxiliary 
windings on the two outer limbs have been found to have a 
phase-angle change of over 60 min for a voltage variation from 
90% to 115% of rated primary voltage, and are not equivalent 
to a brolqen-delta winding, the use of which we would certainly 
recommend. A type test on a transformer with a broken-delta 
winding is given in Table A. 

Table A 

Ratio a^d Phase-angle Tests* on the Broken-Delta 
Winding of a 66-kV 5-limb Voltage Transformer. 
Rated Burden 200 VA. 


Test 1. Test at 15 VA Unity Power-Factor Burden 


Phase 

% 

A 

B 

C 

Percent- 

Phase 

Ratio 

Phase 

Ratio 

Phase 

Ratio 

age 

angle 

error 

angle 

error 

angle 

error 

voltage 

(min) 

<%) 

(min) 

<%> 

(min) 

(%> 

80 

1 - 

0*5 + 

1 - 

0*5 + 

2- 

0*4 + 

100 

1 + 

0*4 + 

0 

0*4 + 

0 

0*3 + 

115 

3 + 

0*3 + 

2 + 

0*3 + 

2 + 

0-2 + 


Test 2. Test at 200 VA Unity Power-Factor Burden 


Phase 

A 

B 

C 

Percent- 

Phase 

Ratio 

Phase 

Ratio 

Phase 

Ratio 

age 

angle 

error 

angle 

error 

angle 

error 

voltage 

(min) 

(%) 

(min) 

(%) 

(min) 

(%> 

80 

3 —' 

0*2 + 

3 — 

0*2 + 

3- 

0*1 + 

100 

2- 

0*1 + 

2- 

0*1 + 

2- 

0*1 + 

115 

0 

0*0 

0 

0*0 

0 

0*1~ 


Test 3. Test with l Wattmeter-Type Relay Voltage Circuit as Burden 


- 

Phase 

A 

B 

C 

_———.—;- 

Percent- 

age 

voltage 

Phase 

angle 

(min) 

Ratio 

error 

(%) 

Phase 

angle 

(mm) 

Ratio 

eiror 

(%) 

.. Phase 
angle 
(min) 

Ratio 

error 

(%) 

*80 
, 100 
115 

0 

3 + 

4 + 

. . ■ - . i 

0*5 + 
0*4 + 
0*3 + 

0 

2 + 

4 + 

0*5 + 
0*4 + 
0*2 + 

0 

2 + 

4 + 

0*4 + 
0*3 + 
0*2 + 


$ These tests were made by supplying the transformer under test 
by iftoans of a 4elta/star transformer with the star point brought out. 
For determining the ratio and phase-angle errors, each leg of the trans¬ 
former under test was short-circuited in turn and the primary reference 
voltage was the voltage of that phase which was short-circuited. 


Mr. Bird .—The term “Petersen coil” was perpetuated partly 
because “arc-suppression coil” does not fully describe the coil’s 
function, and partly because it is not unusual to name pieces of 
apparatus after their originator. Also, as the paper was intended 
as a sequel to that by Messrs. Willott Taylor and Stritzi, we felt 
that the coil should bear the same name. 

We are glad Mr. Bird referred to the safety aspect as a reason 
for the application of the equipment; this is particularly important 
on high-voltage systems. ’ 

Mr. Kaufmann .—The small angle which may sometimes differen¬ 
tiate between a relay which should operate and one which should 
not, was one of the reasons for the indifferent performance of the 
early relays. However, once the system is thoroughly under¬ 
stood, we then know what degree of control must be exercised over 
phase-angle errors to give discrimination. 

Mr. Hill —Messrs. Hill and Shotter’s test results given in 
their paper in 1931 have undoubtedly been misinterpreted, and 
it was to clarify the matter that we made the tests described. We 
felt, too, that this was unfair to Mr. Shotter’s valuable pioneering 
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work on the subject. It should perhaps have been pointed out 
in the paper that the Hill and Shotter tests were made with the 
test set in the main current-transformer secondary circuit shown 
in Fig. B(a), whereas ours were made with the test set connected 
in the summation-transformer secondary shown in Fig. B (b). 
We obtain of course similar figures to them when the test set is 
connected as shown in Fig. B(a); we shall be interested to see 
the results of their further experiments. 

Dr. StritzL —It would certainly be useful if transient faults 
could be indicated at attended substations, where the flag indi¬ 
cator could be reset immediately; but we see disadvantages at 
unattended stations, as a wrong indication of a persistent 
fault may be given if the engineer is unable to reset the indicator 
frequently. We have known cases of this occurring. 

The current transformers on existing gear vary in performance 
to such an extent that it is impossible to give a direct answer 
to the question. Usually the core section of core-balance trans¬ 
formers is* not a limiting factor, and if the transformer is made 
with a Mumetal core we believe the errors will be small enough 
to give satisfactory results on 6*6- and 11-kV schemes. 

Mr. Mathews.—Mr. Mathews’s simplified diagram is of interest, 
but we think it is supplementary to, and not a substitute for, the 
basic principles outlined in the paper. 

Mr. Ruddock.— We are grateful to Mr. Ruddock for stressing 
the value of the relays in eliminating the objectionable, long time 
delay with maximum fault current flowing, which occurs with 
solid or resistance earthing. His scheme illustrates the utility 
of this type of protection. Had he used a more sensitive and 
lower impedance relay, he would not have had to wait until a 
second coil was added to obtain reliable indication when the 
system was interconnected. 

Dr. Billig. —In Stalloy-core transformers the error increases 
rapidly as the load decreases, but as indicated in the paper there 
is a marked improvement by using transformers with Mumetal 
cores. 

We have tried connecting the vibration galvanometer as sug¬ 
gested, but the impedance of the instrument vitiates the results, 
and accordingly we think that our tests, which are confirmed by 
Dr. Billig’s formula, offer the best proof of the interaction between 
neighbouring conductors and current transformers. We hope to 
see the complete development of Dr. Billig’s proof published in 
due course. 

Mr. Atkins.— Mr. Atkins’s remarks are much appreciated. 
Like him, we also were very disappointed in not being able, 
owing to space considerations, to publish details of commis¬ 
sioning and testing. 

We have examined the effect of harmonics, but owing to the 
small percentage of harmonics in the voltage wave the effect of 
the proportionally greater percentage in the current wave is 
negligible, especially as this is an induction type of wattmeter 
movement. 

Mr, Burke. —There appears to be some misunderstanding of 
our explanation of the circuit conditions and the vector diagrams. 
We can assure Mr. Burke that the vector relationships of the 
voltages and currents were very carefully checked with a phase- 
angle meter. The arrows in'Figs. 1(a), 2(a) and 3(a) merely 
indicate the instantaneous current flow; no attempt was made 
to line up the vector diagrams. 

His statement that the Petersen-coil current flows along both 
the healthy and faulty feeders under exactly compensated con¬ 
ditions is wrong. We demonstrated the fundamental circuit at 
the meeting, and think this would have convinced Mr. Burke 
of the fallacy of his statement. If he will make some measure¬ 
ments he will find that all the losses in the coil and capacitance 
r currents sum in die fault and the faulty phase. 


Mr. Cuffe. —In the original draft of the paper additional 
diagrams were included which would have clarified some of the 
points which Mr. Cuffe had in mind; these, however, had be 
omitted. We agree that a more detailed analysis would have 
improved the explanation, but we would refer him to Mr. 
Doherty’s communication to show how difficult it is to satisfy 
all concerned. 

In the case given in the paper, certain apparatus was stated by 
the manufacturers to be only suitable for operation at the in¬ 
creased voltage for a definite length of time in any period. This 
was one reason for the introduction of the protective gear. 

Fallen conductors on 66-kV systems can very easily cause a 
fatality, while a high-resistance fault can also occur on solid and 
resistance earthed systems and will not operate the protective 
equipment. The voltage at which the relay will operate depends 
very much on the active component of the current at the point at 
which the relay is installed. 

Temporary artificial increase of the coil losses, suggested by 
Mr. Cuffe and Mr. Easton, by the introduction of a resistance is 
useful where it is required, but it should be no mor r e than is 
necessary to give positive operation of the relay, and it should 
not increase the value of the fault current sufficiently to prevent 
the extinction of the arc or to cause burning of the conductor. 

Mr. Easton .— If the insulation is adequate on 11-kV systems, 
there is no objection to operating the system with a fault for an 
indefinitely long period, but in our opinion indicating relays to 
locate the fault without disconnecting the feeders should be em¬ 
ployed. On cable systems one Mumetal ring-type transformer on 
the cable is all that is required and is inexpensive. 

Mr. Minter.—T he difficulties of testing are not so great as 
may be imagined, as no shut-down on the system is normally 
required. A thermionic relay may be a development of the 
future, but we have no details of the burden on the current 
transformer. If the burden could be reduced to 15 VA, we see 
no reason why the scheme embodying a thermionic relay should 
not work on typical 150/1-amp current transformers, although 
we find that their performance varies widely owing to switchgear 
design considerations. 

With regard to the contact resistance of the current transformer 
connections, it is not essential to sweat the leads providing care 
is taken, but it would be advisable to carry out a type test using 
the switchgear wiring. We employed the special sweated con¬ 
nections in order to obtain reliable and consistent results for 
publication. 

Mr. O'Doherty.—We would refer Mr. O’Doherty to our reply 
to Mr. Mathews, who is also in favour of the single-phase 
explanation. '• e 

A high-resistance earth fault, as on other systems, is a condition 
under which the scheme fails, but it will operate satisfactorily 
with a voltage across the coil as low as 50%. Further informa¬ 
tion is given in Paper No. .319 presented at the International 
Conference on Large High-Tension Electric Systems, 1^39, in 
Paris. Variation in leakage current over insulators can genSrally 
be overcome on the phase adjustment provided, if it is made 
for the worst conditions initially. 

Mr. Szwander.— With regard to the resonance controversy we 
would refer Mr. Szwander to our reply to Mr. Ayres. Although* 
as Mr. Szwander states, this system has been in operation for 15 
years on the Continent very little detailed informatipn has hCen 
available. Certainly no comprehensive paper has been published* 
but Dr. E. T. B. Gross of Cornell University has drawn our 
attention, since our paper was published, to a paper of hist which 
gives a number of references dealing with various aspects of 
the subject. * * 

* Transactions of the American 1,13.13.* 1941, 60, p. 968. 








“THE CONSUMER’S SUPPLY CONTROL UNIT OF THE FUTURE AND ITS EFFECT 

ON THE DESIGN OF THE ELECTRICITY METER” 

MEASUREMENTS SECTION DISCUSSION MEETINGS • 

Explaining the background of the two discussion meetings of panel, while the Study Committee itself did not like its own first 
the Measurements Section at the first meeting on 31st March, arrangement or the large cabinet. Personally, he did not like the 
the Secretary of The Institution pointed out that about three Committee’s “ideal” arrangement, as the meter was not readily 
years ago discussions on post-war problems were held with the accessible. Moreover, the meter was on the right, which meant 
then Ministry ot Works and Planning and a number of bodies, either crossing the connections or having non-standard con- 
all of which had started work on post-war planning in their own nections. 

particular spheres. The Institution had set up its own post-war On some of the E.D.A. proposals, he said the Northern 
planning organization, and, on the invitation of Lord Reith, the Counties’ Area showed a neat arrangement which was meant to 
Council consented to act as convener of the Electrical Installa- be let into the wall, but he did not think maintenance engineers 
tions (Study) Committee. A first draft Report was prepared by would favour it. It measured approximately 18 in by 12 in. 
this Committee and was followed by a final Report. This will The Mid-East Area had designed a very attractive unit 
be issued as No. 11 of the series being published by H.M. which appeared to be the best layout for avoiding crossed con- 
Stationery Office under the general title of “Post-War Building nections or a departure from the present B.S. terminal sequence. 
Studies.” In the meantime, the codifying of requirements for The whole gear, including consumer’s circuit fuses up to 6 in 
new buildings had become so urgent that the Council, realizing number, occupied an 18 in by 15 in board, and had cartridge 
the difficulties entailed by further delay, felt it desirable for the fuses which could be replaced by the consumer at a moderate 
Measurements Section to discuss one aspect of the matter. cost. This design required the standardization of all the ter¬ 

minals involved, but it was the ideal to aim at. There was, 
FIRST DISCUSSION, 3 1st MARCH, 1944 however, no provision for a check meter, and he was advised 

The first discussion was opened by Mr. E. Fawssett and Mr. that the Electricity Commissioners regarded such a meter as 
G. F. Shotter. necessary. Mr. Fawssett showed three sketches indicating the 

Mr. E. Fawssett said there was general agreement on the necessary development of the moulded-block idea to admit the 
national need for tidying up and simplifying consumers’ service introduction of a check meter when required. Finally, he re¬ 
gear. This was largely bound up with standardizing the relative ferred to the plug-in meter and showed a very neat arrangement 

positions in space of (a) incoming service terminals; (b) meter devised by the engineer of Edinburgh Corporation, 

terminals; and (c) consumer’s main switch terminals. With no Mr. G. F. Shotter discussed a matter which he regarded as of 
standard at present existing for any of these, and with several the utmost importance, namely the best load/accuracy range of - 
makers of each component, this ideal could not be reached im- domestic electricity meters. By “load/accuracy” range was 
mediately, but, given goodwill and co-operation, there was no in- meant the range from the lowest B.S. load to the highest load 
herent reason why it should not be reached quickly. which could be accurately carried continuously by the meter to 

Postulating that standardization of this sort could be applied within, say, the limits of the present B.S.S. It was well known 
to a very large proportion of the forthcoming new houses and that two load ranges existed under the present B.S.S.: (a) 5% to 
that their needs could be met by, at most, two general layouts, 125%, (25 : 1), and (b) a long range of 5% to 200% (40 : 1). 
the possibility of proceeding in two stages was suggested, as The Americans went even farther by catering for an 80 :1 range, 
follows: (a) using existing apparatus to form the neatest possible If the load range of various kinds or types of domestic load 

assembly, by wiring the necessary connections and then covering were known, it would be possible to determine not merely the 

them in; and (b) having standardized the position in space of the load range of meters, but also the number of sizes required. It 
meter terminals, to devise a moulded connecting block between had always been his opinion that the 25:1 range was too narrow 
these, the incoming service terminals and the consumer’s switch— to record many of the domestic loads accurately. The B.S. long- 
all concealed, shock-proof, and thief-proof. It was stressed that range meter did not go far enough, but the 60 : 1 range appeared 
there was more small (and unnecessary) variation in the meter to meet many of the cases which had been investigated, 
terminal arrangement than in any other detail, so that this He emphasized that if meters were installed-which were much 
featurejaalled for first attention. too large, this would cause an overall loss much greater than 

Very helpful designs for a neat layout had been prepared by appeared from the percentage error usually stated as being per- 
several E.D.A. Area Committees; the Study Committee had missible, the actual value depending on the type of meter, wear 
sifted them and submitted two schemes, the first for use at once of bearings, etc. . . . ^ 

—using existing apparatus—and the second as a more ideal Finally, before any discussion took place in connection with 
arrangement needing final development. the revision of B.S.37 as to whether the 2^-amp meter should * 

Mr. Fawssett drew attention to the exhibits at the meeting and continue in use or whether the short-range meter should continue 
described thek salient features. In the first exhibit, he felt that side by side with the long-range meter, the subject should be 
by putting the meter at the top and the switch below the fuses, an investigated scientifically, first as to the ranges and character of 
unnecessary crossing of wires occurred, thus departing from even domestic loads, and secondly as to what range and sizes of meter 
a temporary solution. Another scheme also used existing were required fo cover these ranges under the existing conditions. 

apparatus and housed it in a presentable cabinet, thus breatiiig : . , V .•, j . 7 • 

an article of furniture which could be placed even in the front In the ensuing discussion, it was. made clear, as an extension 
room of a cottage. It measured 4 ft by 1 ft, and could be. of what Mr. Fawssett had-said,the consumers’ units an- - 
recessed if desired. He had heard criticisms of such a large intended for the Council 
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or subsidy-type of post-war small house, and Mr. J. W. J. 
Townley, as Chairman of a Panel which was also studying 
the matter, asked for criticisms of the exhibits and for general 
comments, for the guidance of that body. It was hoped to 
arrive ait a unit which was practicable, inexpensive and suitable 
for the purpose for which it was intended. 

Some speakers did not share Mr. Fawssett’s optimism as to the 
possibility of reaching agreement on standardization, the “rugged 
independence” of supply engineers being regarded as an obstacle. 
However, some degree of uniformity was hoped for. The im¬ 
portance of the problem had prompted some supply authorities 
to take immediate steps, hence production of the units exhibited 
was likely with an eye to the immediate post-war period, although 
one London supply authority’s representative said frankly that 
he could not wait until a decision was reached on a standard unit. 
Indeed, steps were being taken for one of the units designed by 
this speaker to be put into production as soon as possible. 

It was pointed out that, even, if standardization of dimensions 
was agreed upon, there would still be millions of existing meters 
which had a long term of useful life before them. Against this it 
was emphasized that these would have to wait and that the 
immediate problem was to deal with the type of house referred 
to by Mr. Townley. A hinged cover on these units was asked 
for, and among those who desired to make them sufficiently 
presentable to be placed in a conspicuous position in the house 
was one speaker who suggested putting a mirror in the cover. 

Opinions differed as to the desirability of recessing the units 
and putting them on the surface of the wall, those advocating the 
latter calling attention to the increased accessibility of this 
arrangement. Again, for the type of house in mind, varying 
views were expressed as to the desirability of exceptionally long- 
range meters, and there were also different views as to the need 
for having anything other than shilling slots in prepayment 
meters. 

One provincial supply station engineer said he and all supply 
engineers should be thoroughly ashamed of themselves for what 
they had permitted hitherto in the matter of untidy circuit-control 
arrangements, on consumers’ premises; even the worst design 
among the exhibits was an advance on anything accomplished 
in the past. 

The manufacturers, it was emphasized, were anxious to give 
the electrical industry what it wanted, but another speaker said 
that among the 20 or more supply authorities in the London area 
it had so, far not been found possible to get agreement on 
standardization. Any plans made should include methods of 
tidying up existing installations as and when this became possible. 
Various suggestions were made for improving the design on 
view, and it was arranged that the exhibits should be placed at 
the disposal of the Panel studying the problem. 

SECOND DISCUSSION, 14TH JUNE, 1944 

Since at the first Discussion Meeting time had prevented the 
meter side of the problem, introduced by Mr. Shotter, from being 
adequately discussed, it had been decided to hold an additional 
meeting, so that both Mr. Shotter and Mr. Fawssett—the latter 
represented; on this occasion by Mr. C. W. Hughes—could 
recapitulate their, original points and amplify them. 

Mr. G. F. Shotter, in extension of his previous remarks, said 
that an ever-present difficulty when metering the wide range of 
domestic loads, was the choice of a meter having a loading range 
sufficient to cover that, of the domestic load to be measured, and 
haying the. specified accuracy throughout this range. At one 
end of the domestic load range there was the purely lighting 
consumer with, perhaps,a:bowl fire, radio set and an electric 
iron, whilst at the other end there was the “all-electric” consumer 
wdtb a: ^ ini th^iKdgJibourhood of, say, 25 kW. 


The ideal from the metering point of view wa<* that all loads, 
including the lowest, should be accurately measured, if possible 
by one meter. Fuller knowledge of the load diversity of domestic 
supplies would be of advantage, not only for the correct choice 
of meter, but also to permit a more scientific approach to the 
number of sizes required. 

In the all-electric house, high peak loads of short duration 
occurred, whereas other apparatus, such as clocks, ran for 
24 hours a day, and refrigerators intermittently for the same 
period. It was in an endeavour to cover this wide range that 
the so-called long-range meter was developed, and it was some¬ 
times overlooked that the establishment of such a design might 
be the means of reducing the number of sizes required. 

Experience indicated that a range of 25:1 was not sufficient to 
cater for normal domestic loads. The use of a meter with, say, 
a range up to 300 per cent normal load not only gave more 
tolerance in the selection of the rating but also conduced to a 
more accurate registration of the lower loads. 

It should be noticed that if a long-range meter were used, the 
normal 2i-amp instrument would allow peak loads up to 1\ amp 
to be recorded. This size of meter would seem to cover a large 
number of flats and cottages in rural areas where lighting, and 
perhaps an iron and a wireless set only were connected. The 
2i-amp meter had been the subject of considerable discussion in 
the past, but even if the industry considered this size unsuitable, 
there was no doubt that the 5-amp long-range meter could not 
be dispensed with. 

Another difficulty was the problem of the prepayment meter 
where the capacity of the combined equipment was limited by 
that of the switch. 

Mr. C. W. Hughes recapitulated the points raised by* Mr. 
Fawssett at the previous meeting and put forward certain other 
points of his own for discussion. 

Referring to the supply control units which had been shown 
on the previous occasion, and to the additional exhibits at this 
meeting, he said it had been assumed in designing these units, 
which were intended for dwellings serving lower-income groups, 
that the tariff would be such that only one meter—either 
quarterly, flat-rate prepayment or two-part-tariff prepayment— 
would be required. The meter was the most awkward item to 
fit neatly into the assembly, as at present there was no standard 
as to overall size, fixing centres or terminal-block dimensions. 
So far as quarterly meters were concerned, there were indications 
that the manufacturers, despite many difficulties, were prepared 
to effect some measure of uniformity, and it was essential that 
such standardization as was applicable to the prepayment meter 
should follow in due course. In this meter, the centres of the 
fixing holes should be fixed relative to each other; the terminal 
block should be standard and the same as that of quarterly 
meters; the position of the terminal block relative to 1 the fixing 
centres should be standard; the coin slot should be on the front 
of the meters and the maximum rectangular volume needed to 
contain any meter should be known. Unless this measure of 
standardization were obtained it was almost impossible to design 
a satisfactory consumers’ control unit. 

Silhouettes of the outlines of eleven prepayment meters were 
exhibited; no two were shown to have the same shape, and very 
few were so shaped as to fit conveniently into a control unit. The 
plan views varied as much as the front elevations, and were»dbpi- 
plicated by bulges and knobs which projected from the case. 
Mr. Hughes also suggested that the prepayment mechanism 
should be in the same place in all designs. Each maker had his 
own idea where the coin slot should be, and in many ca§es rt the 
insertion of the coin was awkward. He thougSt that the coin, 
slQt should be in the front of the meter,and that the comply 
prepayment meter case, induding the coin box, should form a 











399 


* % * ITS EFFECT ON THE DESIGN 

clean rectangle-vwith the prepayment mechanism above the 
meter proper—that the terminal block should be at the bottom 
of diameter in exactly the same position as on a quarterly meter, 
in relation to the meter mechanism, and that the coin slot should 
be on the front of the case with the coin knob recessed. He 
believed that all this could be done without in any way retarding 
progress in design. 

Although the main object of the meeting was to discuss meter 
design, the whole subject of the consumer’s supply unit came 
under review. Decided views were expressed that units of the 
types designed and exhibited would not find favour in the 
ordinary house if they were to be placed in a prominent position 
for easy access, e.g. in the hail or sitting room. Suggestions 
were made that the units should be recessed in the walls in incon¬ 
spicuous positions, although one unit of a more ornate character 
with a clock at the top and a looking glass occupying the re¬ 
mainder of the outside cover of the unit was regarded favourably 
by "one speaker, who suggested the whole unit might be made 
to look like a grandfather’s clock. On the whole, however, the 
suggestion that the units should occupy space in a hall or sitting- 
room did not meet with favour. Most speakers favoured 


OF THE ELECTRICITY METER” 

locating the unit unobtrusively, at the same time making it easy 
of access. It was also thought that if an attempt were made to 
compress the various items of the unit into too small a compass, 
some limitation might be put on future development. 

It was generally agreed that it was desirable to dispense with 
the prepayment meter altogether, though the time was perhaps 
not yet ripe for this. 

Reports from large users all over the country showed a general 
agreement with the proposal to reduce the number of different 
meter ratings and to indicate clearly on the meter the maximum 
load at which it could be used, dispensing with the present short- 
range marking which, it was maintained, was largely disregarded. 
If this were done, it was claimed that a more efficient use would 
be made of the working range of a meter, which would auto¬ 
matically mean a reduction in the number of different ratings. 

The need for measuring the consumer’s load accurately was 
emphasized, but Mr. Hughes suggested in his reply that the word 
“economically” should be added here. He urged that the first 
step was to standardize the main dimensions of the meter case. 

On the manufacturers’ side, it was claimed that standardiza¬ 
tion should start with the user, i.e. with those who formulated 
the tariffs. 


* 


PROCEEDINGS OF THE MEASUREMENTS SECTION 


115th Meeting of the Measurements Section, 

19th May, 1944 

Mr. E. W. Moss, Chairman of the Section, took the chair a 
5.30 p.m. 

The minutes of the meeting held on the 21st April, 1944, were 
taken as read and were confirmed. 

The Chairman announced the Council’s award of Premiums 
(see Part I, June, 1944, page 208) for Measurements Section 
papers read or accepted for publication during the session 
. 1943-44.' 

Dr. L. Hartshorn, Associate Member, then delivered his 
Lecture on “Foundations of Electrical Measurements.” 

A vote of thanks to the lecturer, proposed by Dr. W. G. 
Radley and seconded by Prof. L. G. A. Sims, D.Sc., Ph.D., was 
carried with acclamation. * 


116th Meeting of the Measurements Section, 

14th June, 1944 

Mr. E. W. Moss, Chairman of the Section, took the ^hair at 
3.30 p.m. 

The minutes of the meeting held on the 19th May, 1944, were 
taken as read and were confirmed. 

The Chairman referred to the request made by several members 
of the Section that the Discussion opened on the 31st March 
last on “The Consumer’s Supply Control Unit of the Future, 
and its Effect on the Design of the Electricity Meter” should be 
continued. 

Mr. C. W. Hughes, B.Sc., and Mr. G. F. Shotter, Members, 
then made a brief recapitulation of the introductory remarks. 

At the conclusion of the discussion a vote of thanks, moved 
by the Chairman, was accorded to Mr. Hughes and Mr. Shotter 
for their introductory remarks. 



















DEVELOPMENTS IN RAILWAY SIGNALLING ON LONDON TRANSPORT* * 


By R. DELL, Member, j 

(The paper was first received list May, 1943, and in revised form 1th January, 1944. It was read before the Measurements Section 
v llth March, 1944.) 


(1) INTRODUCTION 

The power-signalling installation on the railways of the London 
Passenger Transport Board now covers 160 miles of double 
track. There are 3 281 stop signals, 2 726 of which are fitted 
with trainstops. The number of track circuits is 4 347, and 
there are 1 326 pairs of points. Although automatic signals 
are used wherever possible, 112 signal cabins are in use at junc¬ 
tions or connections in the track layout. The passenger-train 
car-miles run each year on the Board’s railways total approxi¬ 
mately 159150000. 

Power signalling has been in use practically throughout the 
system since it was electrified. The electrification of the District 
Line and the installation of power signalling commenced in 
1904; by the end of the next year conversion had been com¬ 
pleted and the block-telegraph type of signalling entirely replaced 
by power signals. The London Electric Tube Lines were from 
the start equipped with power signalling—the Bakerloo and the 
Piccadilly Lines in 1906 and the Hampstead Line in 1907. Two 
earlier Tube Lines, the City and South London Railway and 
the Central London Railway, retained their block-telegraph 
type of signalling for a few years, the Central London being 
converted to power signalling in 1913 and the City and South 
London in 1919. 

* Measurements Section paper. t London Passenger Transport Board. 


Except for these last two installations, the whole of the signal¬ 
ling system was originally operated on d.c., and track circuits’ 
were of the d.c. type with polarized relays in order to avoid 
improper operation by stray current from the traction system. 

In the original installation the signals were all electro-pneu- 
matically operated with a moving spectacle in front of a fixed 
light for the tunnels and with semaphore arms in the open. All 
signals for passenger movements were provided with automatic 
trainstops. Although they gave remarkably satisfactory results, 
the d.c. track circuits were not entirely immune from interference 
by stray current from the traction system; as a result practically 
all these track circuits have been progressively replaced by a.c. 
equipment since the original system was installed. At the same 
time, many additional safeguards were added to the system. 
Alternating current is now employed throughout for all signalling 
circuits as well as for the track circuits themselves. 

(2) ELECTRO-PNEUMATIC EQUIPMENT" 

Some of the basic features of the original signalling system, 
such as electro-pneumatic gear, have stood the test of time and 
have been retained in the more modern equipment. To permit 
direct comparisons under working conditions of the relative 
efficiencies of electro-pneumatic and all-electric gear, sections of 
signalling with all-electric equipment in place of the electro- 
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pneumatic type h^,ve been installed and the performance care¬ 
fully watched. The simplicity of the electrp-pneumatic appar¬ 
atus, wjiich requires only a simple cylinder and piston to furnish 
all the force necessary to operate a trainstop arm or a pair of 
points, has proved a great advantage; the maintenance required 
is considerably less than for electric gear, whilst the lighter 
weight of the equipment enables it to be more easily serviced 
when worn or defective pieces need replacing. In addition, 
the electro-pneumatic equipment is more reliable than the 


Fig. 1.—Electro-pneumatic trainstop for Tube tunnel fixing. 

all-electric. Fig. 1 shows a modem electro-pneumatic trainstop 
designed for use in tube tunnels. 

(3) SYSTEM OF SIGNALLING ASPECTS 
The signalling problem on the Board’s railways, which handle 
passenger traffic only, is simpler than that of other railways, and 
the main task of the signal engineer is to make provision for 
the safe running of the maximum number of trains under set 
conditions. To meet these conditions, two-aspect signals are 
considered to give the best results possible, since only two 
instructions to the driver are necessary, whether to proceed or 
to stop. The greatest number of trains can be run over any 
section of the line if the driver follows just these two instructions 
—when he observes a green signal he proceeds as fast as he can, 
in accordance with any permanent-way speed restrictions, and 
when he sees a red signal he stops at it as quickly as he can. 

It has been found advantageous to adopt this principle in 
every possible case, and recently special steps have been taken 
in certain tube tunnels to ensure that a driver does not see a 
red light unnecessarily—in other words, the red light is con¬ 
trolled by^the track circuit so as to remain extinguished until 
•the driver is so close to the signal that he has to apply his brakes 
in order to stop when he reaches it. This arrangement fre¬ 
quently saves the driver wasting time, for in the absence of 
landmarks in a Tube tunnel a red light in the distance may 
appear closer than it really is, with the result that the driver 
slows up before he need do so; often the signal will change to 
“clear” long before the train gets close to it, so that, had the 
driver not slowed up, the signal would still have cleared before 
he reached it. ' . 

Recent new installations of two-aspect signalling have been 
of a modified type, one signal only at each location being pro¬ 
vided *f®r each* line. The signals are two-aspect, showing red 
and green lights, but repeaters are provided where necessary. 
For example, where the curvature of the line would prevent a 
driver seeing a red light in time, a repeater is provided just round 
the eftrtfe. The repeater shows green when repeating the green 
light of the signlt, and yellow when repeating the red light of 
the signal. ■ ■■ ■ ■■,■■ . \ v 

When there are divergent routes, .a- /junction' ^indica^;;'Cort;-; : 


prising a series of white lights which can be exhibited at various 
angles is provided. The light of this junction indicator, 
together with the light of the signal, indicates to the driver 
whether it is safe to proceed and 
in which direction he is going. 

Thus, if the signal is showing 
clear and the junction indicator 
shows a row of lights above the 
signal at an angle of 45° to the 
left, the driver knows that he is 
to proceed over the first route 
to the left of the main line. If 
the signal shows clear with the 
junction indicator lamps form¬ 
ing a horizontal line to the right 
of the signal lamp, the driver 
knows that he is to proceed over 
the second route to the right, 
counting from the main line. 

Fig. 2 shows a colour-light signal 
with junction indicator. 

All subsidiary or shunting 
movements—which are signalled 
movements for empty trains to 
proceed to sidings or to couple 
up or uncouple—are regulated 
by disc signals comprising a 
white-enamelled iron disc with 
a red band on it. With the red 
band in a horizontal position the 
signal is at danger; by rotating 
the disc the band is turned 
to an angle of 45° to indicate 

“proceed.” Where the shunt signal is required to read into a 
series of sidings, for example, a route indicator is provided 
above it showing an illuminated figure and indicating to the 
driver the route which has been set up for him. Thus, if a 
shunt-signal disc is showing “proceed” and exhibiting the 


Fig. 2.—Two-aspect colour 
light signal with junction 
indicator. 


Fig. 3.—Disc signal with route indicator. 
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figure “3” on the r®ute indicator above it, the driver knows that 
he is to proceed for a limited distance into a siding and that 
he is taking the third route from the left. Fig. 3 shows a disc 
signal with route indicator. 

With this system of signalling the confusion likely to arise 
with a large bridge of signals, as provided in earlier installations, 
is avoided; at the same time, the driver is not called upon to 
pass a red light when proceeding on a main-line passenger 
movement. He does, of course, pass a red light when proceeding 
under control of a disc signal, but this appears to the author 
to he ah advantage, as it draws attention to the restricted nature 
of the movement to be made by the driver. 

- (4) TYPICAL AUTOMATIC SIGNALLING IN TUBE 

TUNNELS 

Fig. 4 shows the signalling circuits at a Tube station equipped 
with the most modern a.c. signalling gear. The signals shown 
are three home signals and a starting signal. Arrangements 
have been made for the bulk of the electrical apparatus to be 
installed in r$lay rooms built at the ends of the station platforms, 
so that only the signal lamps together with their controlling 
relay, and the trainstops with their connecting cables, are actually 
in the tunnel. This has been done to facilitate attention to the 
equipment during traffic hours, as owing to the smallness of 
the tunnels, stfaff cannot enter them whilst trains are running. 

A special feature that should be noted is that each of the most 
important track circuits, namely, the berth track-circuit, is 
provided with two track relays, the track windings of these 
relays being connected in series. One of the relays functions 
as a track relay proper,, whilst the other, by switching its local 
winding over the appropriate contacts, functions as a signal 
felay. The purpose of this arrangement is to introduce an 
additional safeguard against any accident resulting from failure 
of one relay to operate correctly, since both relays must be 
energized for the signal to show clear. 

The track windings of two such relays are shown at 101 B TR 
and 101 B GR. 101 B GR serves as a signal relay for A.101 B ; 
the connections to the local winding are shown at 101 B GQ. 

It will be noted that the circuit to the red light of the signal 
is completed by two independent contacts, one on the relay 
and one operated by the trainstop, This ensures continuity of 
current supply to the red light, should either of the two contacts 
become defective. It also serves as a valuable indication to 
the driver that the trainstop is working correctly, for should 
the trainstop fail to operate when the signal clears, the red light 
will not go out and the driver will see both red and green lights 
in the signal, thus disclosing the fault to him. 

* Trainstops are provided with proving circuits to ensure that 
they operate correctly for the. passage of each train. Such a 
proving circuit is shown operated by the trainstop contact 
101 B V, and is so arranged that 99 c track relay cannot clear 
following £he passage of a train until 101 B trainstop has returned 
fuily to danger. This, in turn, would prevent the previous 
signal 101 A from clearing. 

(5) ADVANTAGES OF THE FOURTH-RAIL TRACTION 
SYSTEM 

The traction system on the Board’s railways employs a fourth 
rail fcJJ:4he return of the traction current, the system not being 
directly connected to earth except through the general leakage 
of the system. This arrangement offers definite advantages 
from the-signalling point of view. Although the third-rail 
system tan be adopted and is in use elsewhere, signalling 

; ^ are*made more difficult. - . .. . 

•. system one continuous running rail is 

necessary to provide an earth for the framework of the train, 


whilst the other running rail can be split up by insulated joints 
for the track circuits. Examples have been known where 
insulated rail-joints have been put in both running rails with a 
fourth-rail traction system, but this is most inadvisable, as in 
the event of an electrical defect occurring on a train, any person 
stepping on to the train or touching the metalwork could under 
such conditions receive a serious shock. 

It appears at first sight that the employment of a fourth rail 
for the traction return is extravagant, 1 as compared with the 
use of the running rail for the dual purpose of a return and for 
signalling. In fact, careful calculations have shown that when 
allowance is made for a frequent service of trains, the addi¬ 
tional cost of the signalling is more than the saving made on 
the fourth rail. The losses are also less with the fourth-rail 
system, as the comparatively hard rails used for running have 
a higher resistivity than the soft steel usually employed for 
current rails. With the third-rail system the return path for the 
traction current, after the rails have been divided into sections 
for signalling, has to be provided by impedance bonds, which are 
centre-tapped choke coils capable of carrying the whole of the 
return traction current. It is the cost of providing these im¬ 
pedance bonds which increases the cost of the signalling installa¬ 
tion over that required with the fourth-rail system. 



Fig. 5.—Relative costs of third and fourth rail traction systems, 
including cost of track circuits. 

The curve in Fig. 5 shows the cost of a signalling installation 
on the basis of prices ruling in 1936, indicating the rise in cost of 
the third-rail type of signalling with the number of track circuits 
per mile as compared with the cost of fourth-rail signalling 
and the cost* of the fourth rail. Apart from the question of 
cost, the signalling system feasible with fourth-rail traction is 
very much simpler in design, less susceptible to maladjustment 
afid easier to operate. . 

It may be mentioned that the average number of track circuits- 

(6) CONDENSER-FEED TRACK CIRCUIT 

With the introduction of the a.c. track circuit in place of the 
original d.c. track circuits, various systems of regulating the 
current feed to the track circuit were tried. Plain resistance 
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control, choke control and various other types were used for a 
time, but considerable trouble was experienced owing to 
temporary failure of the track circuits, arising from stray current 
from the 600-V d.c. traction system, and in 1922 the condenser- 
feed track circuit without a transformer between the condenser 
and the track circuit was introduced. Since that time, this 
type of track-circuit feed has been standardized throughout 
the Board’s system and has proved extremely satisfactory in 
operation. The arrangement of the track circuit is shown 
in Fig. 6. 



Fig. 6.—A.C. track circuits, condenser-feed type. 

The provision of the condenser in this circuit blocks the 
passage of d.c., which would otherwise cause saturation of the 
iron of the feed transformer or of the relay, with a consequent 
interference with the operation of the track circuit. The con¬ 
denser has a number of tappings connection to which is made 
by links attached to the terminals; and a great advantage of the 
circuit is the ease of adjustment, there being only the simple 
adjustment of increasing or decreasing the capacitance of the 
circuit. 

With this type of track feed and the relatively high voltage 
employed on the track relays, the train-shunt conditions ob¬ 
tained are consistently good. An average value for the train 
shunt is approximately 2 ohms. 


Some ^Typical Values of Train Shunt together with Other 
Operating Values taken from Actual Track Circuits 



(7) RAIL CIRCUITS 


In operating the signalling system it is sometimes necessary 
to detect the exact position of a train. For example, before 
a calling-on signal is cleared, it must be established whether 
the train has come to a stand, or practically so, at the signal.. 
Hitherto various types of treadles have been used for this indi¬ 
cation, but all were troublesome to maintain and were liable to 
frequent failure. A special circuit, normally de-energized, was 
therefore developed;^ it is interposed in the s usual track circuit 
and arranged so as not to interfere with the correct operation 
of the track circuit. 

A fail lift ,6in long is insulated from the rest of the track 
circuit and bonded round. This length is the shortest that 
could be approved by the Permanent Way Engineer, but is 
sufficiently short to ensure that no vehicle can stand on it without 


also standing on the track circuit. A standard a.c. track relay 
is connected to the rail section and to a supply of current through 
step-down and step-up transformers; the circuit is shown in 
Fig. 7. The ratio of the transformers is so adjusted that the 



Fig. 7.—Rail circuit. 

BX = A.C. supply, feed. NX = A.C. supply, return. T = Track circuit. 


voltage on the rail section does not exceed 0-5 volt, whilst the 
current required to operate the relay is comparatively heavy, 
about 5 amp, the impedance of the circuit being low. This 
arrangement ensures that, even if the insulation of the insulated 
joints should break down, there can be no risk«of improper 
operation of either of the circuits by leakage of current from 
the other. The voltage of the rail circuit is too low to operate 
the relay of the track circuit, and the current passed by the 
condenser of the track circuit is much too small to operate the 
rail circuit. Owing to the low voltage and high current of the 
rail circuit, the impedance of the rails prevents the operation 
of the circuit until the wheels of the train are within a few feet 
of the connection to the special rail section. 

A “stick” circuit is provided to hold the relay of the rail 
circuit once it has been operated by a train. This is also shown 
in Fig. 7; it comprises a feed from the local winding of the 
relay through its own contacts, and has a small step-down 
transformer with a resistance incorporated for phase correction. 
This “stick” circuit holds the relay in the energized position, 
whilst the train is standing on the track circuit, once the rail 
circuit has been operated; in this way erratic movement of the 
relay is prevented whilst the train is running over the rail circuit. 

(8) RELAYS 

With the introduction of a.c. supplies for signalling, relays 
of an entirely different type from those used in the earlier d.c. 
installations were adopted. A signalling relay for use on a.c. 
must be absolutely reliable in operation and must not be operable # 
by d.c. The need for reliability is particularly important when 
the relay is de-energized, as in no circumstances muslt the relay 
contacts then fail to open. 

After some earlier installations employing single-element 
vane relays and galvanometer relays, the two-element vane 
relay was adopted early in 1920 for use on track circuits and for 
point indication in the Board’s signalling system. After the 
original two-element vane relays had been in use some seven 
or eight years, careful investigation was made into their design 
and improvements were introduced which led to the rela^ used 
at present. yv 

(8.1) Operating Characteristics of Two-Element Vane Relay 

In a relay for use on railway track circuits a considerable 
variation in the amount of current available for the energifation 
of the relay occurs between wet and dry weafher, and on the 
earlier types of two-element vane relays the normal current was 
sufficient to compress the contact springs and Mch ov^ 
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zation as occurred in dry weather merely caused the movement 
of the relay to hammer against its stop, which tended to damage 
the pivots. It was therefore decided to modify the arrangement 
of the contact springs, so that with greater energization the con¬ 
tact pressure would be increased and most of the added force 
expended in additional contact pressure. Furthermore, a modi¬ 
fication in the shape of the relay vane gives a characteristic 
whereby the relay torque is considerably decreased as the edge 
of the vane moves out of the flux. In consequence, a consider¬ 
able increase in current in the operating coils does not produce 
a proportional increase in the pressure on the contacts and, as a 
result, increased mechanical strain upon the relay movement. 
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is that there must be absolute certainty that the contacts will 
open when the relay coils are de-energized, and to ensure this 
condition it is considered essential for one of each pair of 
contacts to be of carbon. Apart from selecting different grades 
of carbon, this does not leave much scope for variation in the 
contacts. Although other materials have been tried, so far 
silver-to-carbon contacts have given the best results. 

With the early types of relay, a contact pressure of § oz 
was provided under working conditions," but an investigation of 
contact failures indicated that somewhat higher contact pressures 
would reduce the number of failures. Track feeds are now 
generally adjusted to ensure that the contact pressure falls 
below 1 oz only under the most severe conditions, while remain¬ 
ing stable around 1J oz under the normal working conditions. 
This has resulted in a very considerable reduction in contact 
failures. * 

(8.2) Twin-Vane Relay 

Upon the reliability in operation of the track relay depends 
the whole safety of the signalling system, and, whilst extraor¬ 
dinarily reliable results have been achieved with the present 
types of relays, it has nevertheless been felt that further improve¬ 
ment in this direction is desirable. 


Original vane Modified vane 

• Fig. 8.—Two-element vane relay. 

Fig. 8 shows the original and modified shapes of vane, while 
Fig. 9 shows the torque characteristics of the relay movement 
throughout its travel, with the modified shape of vane, and the 
force necessary to operate the contacts. The torque curves 
represent values at various voltages applied to the relay track 
windings. The points of intersection with the contact-force 
curve show the position at which the movement stops for various 


A design has been worked out for a track relay containing a 
twin-vane movement in which two separate vanes actuate two 
separate sets of contacts, the two vanes being operated by the 
same magnetic circuit and the two corresponding contacts of 
each half of the unit being connected in series. The two vanes 
are mechanically interconnected, so that as long as they continue 
to function exactly together, the operation is normal; but should 
one of the vanes lag behind the other, owing to the pivots sticking 
or some other mechanical binding action supervening, the 
mechanical coupling will lock the opposite movement and put 
the relay out of service, thus automatically bringing to light any 


defect which might develop and cause a dangerous condition. 





50 Degrees 


gular movement of vane 



Back Contacts Each contact Top 

stop closed compressed stop 

at #4 ounce 

Fig. 9.—Two-element vane relay. Torque curves of improved vane. 

applied voltages. It is seen that a considerable degree of over- 
energizatkuucan be applied without the vane pressing op the 
top stop. # The higher values correspond to the working of the 
track circuit durinf dry weather, and the lowest curve shows 
t^ minimum value that should be permitted during wet weather. 
As mentioned above, an essential feature of a signalling relay 


Fig. 10.—Twin-vane relay. 

Fig. 10 shows diagrammatically the operation of the twin-vane 

relay. •' V 

The development of this new relay has not yet progressed 
beyond the stage where a single experimental .relay has teen 
built. » 

(8,3) Point-Control Relay . . - 

VWhen the introduction of remote-control signalling was 
contemplated, a further relay • was considered necessary to 
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ensure the safe and satisfactory working of point circuits. The 
special point-control relay designed for this purpose has a 
single-vane movement carrying two sets of contacts so arranged 
that the contacts are held closed by gravity in whichever of its 
two positions the relay is left. 



REVERSE 
Operating coil 
& magnet system 


"NORMAL 
Operating coil 
& magnet system 


Fig. 11.—Point-control relay. 

Fig. 11 shows the arrangement of this relay, in which the two 
magnetic systems with energizing coils tend to drive the vane 
in opposite directions. Whichever movement the vane is 
making, it is lifted over dead-centre and falls by gravity, aided 
by the power drive of the magnetic system, into one direction 
or the other, thus closing one set of contacts and opening the 
other set. 

This relay is mainly used to maintain current on the point- 
operating mechanism when the points have been set and the 
automatic-control circuits have been interrupted by some 
alteration in the circuit conditions. The special feature of this 
relay—that the contacts are maintained closed at the full contact 
pressure, whether there is current on the relay or not—has been 
of great help in designing relay-interlocking circuits. 

(8.4) Standardized Relay Frames and Detachable Terminal 
Tops 

About 1928, the detachable terminal top was introduced 
in the a.c. relay and has become a standard fitting for all 
the Board’s relays. As a result, although different types 
of relays have been adopted from time to time, the same case 
and standard detachable terminal top have been retained, thus 
giving a marked standardization of fittings. 


(9) ELECTRIC AND COMPRESSED-AIR SUPPLY 
Some care was found necessary in arranging the mm supplies 
for the signalling system to ensure continuity of service and . 
also to provide that in the rare event of a breakdown any supply 

'icoidd-'berrdstored'as,<|cueklyns possible. • ' 


In recent years it has become the practice on all the more 
important sections of the Board’s lines to provide a separate 
main-current supply and compressed-air supply on each side 
of a double line of track, feeding the signalling for the north¬ 
bound road from one source and that for the southbound road 
from the other source. 

(9.1) Electric Supply 

Fig. 12 shows the arrangement of the electric supply for the 
signalling system. The supply is fed from the Board’s own 

Sub-station Sub-station Sub-station 


ET ET Circuit- 

T T T t 1 breakers 
// // Switches 


Sub-station 

ft II 


ft if: 


Southbound feeder 

Xesoov 

"JMOOV 


I Southbound feeder ( 

| edovJL 

100V*f 
I—Feeds to 
r*’signal cabin 
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Xeoov Jagoov 
^ioov ■ A f ioov 1 


I | Northbound feeder | | Northbound | feeder | | 

aLoOOV aII 600V /Xv600V "JaCOOV V 

^lOOV *f l00V ^lOOV *flOOV 

Fig. 12.—Signal main feeding arrangements. 

substations, and 600 volts is employed for the main supply. 
Armoured cable is used where the cable is installed in the open, 
being supported in cast-iron brackets on concrete cable-pos*s 
or on walls, as required. At each point where a tapping is 
required, a transformer is provided and links are connected to 
the supply cable, so that every tap becomes a point at which 
the supply can be isolated. The transformers have three 
secondaries providing connections for two track circuits and 
one secondary for the signal circuits. In the event of a fault 
developing on the main cable, the faulty section can be isolated 
by means of the links and all signal equipment left in operation. 

In the signalling circuits, and particularly in the point-indica¬ 
tion circuit, polarized a.c. relays are employed; this requires 
a safeguard against a reversal of phase between one part of the 
main system feeding the polarized circuits and any other 
part, as a result of switching at the feed point. For this purpose, 
arrangements are made at point connections for the main cable 
to loop as far as the limit of the connections involving point 
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Fig. 1^—Signal main feeding arrangements. Looped feeders at ;| 
signal cabin adjacent to substation. ( r - 
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indications, thus ensuring that all such circuits are fed from the 
same source. This arrangement is shown in Fig. 13. 

• (9.2) Advantage of Special Frequency 

The Board supply current from their own power stations at 
a frequency of 33-J- c/s; from a signalling point of view this is 
extremely valuable, as other supplies are at 50 c/s. Stray 
current from a.c. circuits passing through earth are liable to 
create a potential difference between two earthed points, and 
should this occur in the vicinity of a railway, track circuits 
operating from the same frequency might be improperly actuated. 
By having a frequency different from the usual commercial 
frequency, this risk is avoided. 

It might be mentioned that leakage currents from 50-c/s 
supply circuits have been detected. In one case arches under 
the railway had been let to traders who installed lighting attached 
to the brickwork. A faulty circuit in this lighting system gave 
a leakage current of such a value that a potential difference of 
several volts could be measured between two test rods inserted 
in the ballast of the railway above. This leakage current 
entered the track circuits, but owing to the difference in fre¬ 
quency fortunately caused no improper operation. 

(9.3) Compressed-Air Supply 

A supply of compressed air is required for operating electro¬ 
pneumatic signalling gear. In the Board’s system, compressors 
are installed at all substations and provide a constant supply 
of compressed air to the main air pipe run throughout the 
system. As in the electric supply system, the general practice is 
now to duplicate the compressed-air supply pipes. These 
pipes aj: the same time afford a convenient support for the 
^gnalling cables. 


Unless care is taken in the installation and arrangement of 
the cables, there is always the danger that stray current from 
the 600-volt traction system may cause burning of the lead 
sheaths, with consequent failure of the cables or even a fire 
destroying them. Lead-sheathed cables are employed through¬ 
out, and, mainly by suitable arrangement of the cable runs, 
special precautions are taken to protect them against damage 
from stray currents. 

In particular, care must be taken thaf the lead sheaths do not 
come into contact with any earthed objects, such as a water 
pipe, a bridge girder, a station stanchion, etc. At the same 
time, the lead sheath must be earthed; and a practicable method 
has been found in the provision of cast-iron brackets supported 
on concrete posts or on walls for making an earth connection 
for the lead sheaths in the form of a distributed leak of such 
a value that a low resistance reading is obtained at any point 
between the lead sheath and earth. There is no particular path 
forming a low-resistance earth connection. The lead sheaths 
are never bonded to earth plates, etc., but are bonded together 
to form a continuous system throughout the railway. In effect, 
the signalling installation thus has its own private earth system 
provided by the lead sheaths of the signalling cable; this system 
is earthy throughout but not earthed at any particular point. 

The arrangement of the cable brackets has been modified 
from time to time. In early installations, a spacing of 4 ft 
between brackets was common, but this was found too wide 
for small signal cables and a fracture of the lead sheath resulted. 
A bracket spacing of 2ft centres has been adopted in all recent 
installations. The compressed-air supply main, which is placed 
at the top, forms a convenient support for intermediate brackets 
to provide this close spacing. Fig. 15 shows the arrangement 
of a typical cable run and its connection to the signal-relay room. 



,Fig. 14 shows the arrangement of the supply pipes with feeder 
pipes feeding into the main supply at each substation. Before 
entering the main supply pipe, the compressed air from the 
compressor is passed through cooling grids to extract moisture. 
Isolating cocks are provided in the main supply wherever a 
tapping is taken from the main, to permit isolation, should a 
leak develop. 

The compressed-air system has proved one of the most 
reliable parts of the signalling installation, and failures from a 
hurst pipe or other causes have been extremely rare. 

• % . 

(10) CABLE RUNS 

r-.r/fc the original installation, much of the cable required for 
signalling was installed underground in cable ducts. Faults 
soon developed in the cables, and as a result entirely different 
s^angements had^o be provided for the support of the signalling 
gables. At the same time the design of the cable runs has also 
been carefully studied. 



In the earlier designs of cable brackets, convenient dimensions 
were chosen to hold a reasonable number of cables, without 
any reference to the actual size of the cables. This resulted in 
a somewhat untidy array of cables, and injury to the lead sheaths 
often occurred where one cable crossed another. Cable brackets 
are now designed to accommodate the exact number of signalling 
cables, these being laid in straight lines in layers. This gives 
a much neater installation and improves the life of the cables. 
A cross-section of the bracket run is shown in Fig. 16. 

It is ^ some points the signal cables be taken 

across the railway tracks; maintenance at these points has always 
proved very difficult. Underground ducts were found unsatis-’ 
factory, and concrete troughs with detachable lids, laid on the 
surface, have been designed where small runs of cable only are 
required. Thpse troughs permit the cables to be laid-in one 
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Air pipe 


AjC. Signal main 
and telephone 
cable 


Signal cables 


Signal cables 


Intermediate bracket 
hangs on air pipe 

Fig. 16.—Cable brackets. 

by one without injury, while the lids can be removed periodically 
for inspection of the cables. This feature also permits the re¬ 
newal of a defective cable without injury to the others. 




Fig. 17.—Signal circuits wired with multi-cored 
cables. 


4 -core lead-covered cable 



Breakdown of 
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Fig. 18.—Signal circuits with 2-core cables. 
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Where a large number of cables must be taken across the 
track, the provision of a cable bridge is the only satisfactory 
solution so far found. In the Board’s installations carded out 
in the last twelve years, many bridges have been erected for 
the sole purpose of carrying cables over the lines. Considerable 
care is necessary in the design of the cable supports on these 
bridges, and special provision must be made for adequate 
support where the cables turn on entering and leaving the 
bridges. 

(11) CABLING OF SIGNAL CIRCUITS 
With very few exceptions, the signalling cables employed 
on the Boards system have always been lead covered and 
rubber insulated. On the original installation some circuit * 
portions consisted of multi-core cables. For example, 4-core 
cable was used for the control and indication of signals and 
6-core cable for the operation and indication of a pair of points. 
Although these multi-core cables were retained as individual to 
each signal or points, and in all cases the incoming track-control 
lines were run in separate cables, difficulty with breakdown 
of the insulation of the multi-core cables was experienced quite 
early, and it was found that when this occurred dangerous 
conditions could be set up. 

Certain limited installations were provided with more exten¬ 
sive multi-core cable systems, and in these not gnly would a 
multi-core cable feed one individual signal or pair of points, 
but the control for several signals, pairs of points, or even 
incoming lines from track circuits, would be 
included in the same cable. 

It will be readily appreciated that where a 
number of circuits are included in a multi- 
core cable without an earth screen between 
the individual conductors, a breakdown of 
insulation can very easily cause false opera¬ 
tion of a circuit by current from a Hve 
circuit passing through the faulty insulation 
on to a circuit which should be dead. It 
might be suggested that constant testing of 
the insulation of the cables would prevent 
ill effects, but the author believes that such 
tests cannot be relied upon for absolute 
safety as he has known cases where a cable 
with faulty insulation gave quite good in¬ 
sulation readings dry, whereas, after wetting, 
the same cable gave extremely bad readings. 

Arising out of the experience gained with 
these earlier installations, all the Board’s 
later signalling installations hav£ employed^ 
individual 2-core cables for all circuits. 
With this system no cable contains more 
than two cores, which are employed for the 
feed and return of one circuit f only. The 
cable has a lead sheathing which provides 
an earth screen between the live circuit and 
any other circuit which could be connected 
through another cable. With this system 
the lead sheaths are all connected to the NX 
side of the transformers, and immediately a 
fault develops in any insulation a l|ve 
circuit a direct connection between BX and 
NX occurs, the fuse is blown and the 
dangerous condition is avoided. • 

Fig. 17 shows circuits connected* thrmigh 
a multi-core cable and hftw 'a fault in the 
cable can cause current to leak from one 
circuit to another, thus giving a false opera- 
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tion. Fig.. 18 shows similar circuits with individual lead- 
covered cables, where the lead sheath is seen effectively to 
screens the live circuits from each other. 

The use of multi-core cables has the one advantage of cheap¬ 
ness, as so many circuits can be enclosed in the same lead sheath, 
making a cable cheaper in first cost, as well as giving some 
saving in the cost of cable runs and the cost of laying the cable. 



Conductor 

Rubber compound 
insulation 

Copper screen 
Outer insulation 




Fig, 19.—Suggested cored cable for railway-signalling purposes. 


The use of individual lead-covered cables is not the only 
way of providing screening between circuits, and when the 
time is more suitable for development it may be possible to 
produce a multi-core cable with efficient inter-circuit screening, 


thus meeting a vital safety requirement in signalling. The 
advantage of reduced cost offered by the multi-core cable might 
then be combined with the safety afforded by the screened system. 

Fig. 19 is a suggested design for such a screened multi-core 
cable for signalling purposes. The screen consists of either 
copper braid or a very thin copper tube, and could also form 
the normal return for the signalling circuit so that each core 
of the multi-core cable with its outer screen would provide a 
complete circuit. Each screen could* be provided on the out¬ 
side with a thin layer of insulation, thus enabling circuits 
to be tested individually, including the return, and ensuring 
continuity of the direct return, with an earth connection at 
the feed point only. 

(12) EARTHING OF SIGNALLING CIRCUITS 

The original d.c. circuits used for signalling employed an 
earthed return, the running rail being used as the return circuit 
for all signalling current. 

When a.c. signalling was first introduced, an all-insulated 
system was adopted, but it was soon realized that with this 
system two earth faults could give a false operation. Conse¬ 
quently, a system of continuous earth detection was provided 
at signal cabins having extensive circuits fed from the same 
transformer. Long experience with this detector system on 
many installations over a number of years and further careful 
consideration led to the decision to abolish earth detectors and 
to revert to the earthed system. This is the arrangement now 
adopted on all signalling circuits; in the opinion of the author, 
it is the safest possible arrangement and far superior to any 
all-insulated system employing earth detectors. Provided that 
care is taken to ensure the continuity of the earth connections, 
the system is absolutely safe and affords protection against any 
possible false feed through leaky insulation. 

The earth connection is made between the NX of the trans¬ 
former secondary and the lead sheathing of the cables. Special 
care is taken in making these connections; they are soldered 
direct to the busbars, duplicate cables being run to the top and 
the bottom of the busbars. Although it might have been 
better to make a solid soldered connection from the busbar 
to the lead sheath, provision for removing the connection for 
periodical testing of the insulation of the whole system was 
considered desirable. For this reason, the final connection 
to the lead sheaths is carried out by means 
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-Earthing arrangements at signal cabins. 


of strips- of copper soldered to the sheaths 
and fixed by means of bolt-and-nut termi¬ 
nals; three separate strips of copper under 
three separate terminals are provided to 
guard against a loose connection on one 
or two of the terminals. 

Fig. 20 shows the earthing arrangements 
in a signal-cabin relay room. 

(13) DESIGN OF SIGNAL. CABINS AND 
RELAY ROOMS 

In the earlier types of signal cabins much 
wood was used for the structure and fittings. 
Wooden relay racks or cabinets were fitted 
and the wiring was cased in wooden trunk¬ 
ing. Often large wooden trough containing 
hundreds of wires were built into the floor of the 
signal cabin or relay room. Trouble was some" 
times experienced from mice or rats getting 
into the wire runs and damaging the insulation, 
and the whole construction involved a serious 
risk from fire. 

The design of signal cabins and relay 

^: ■ 27 v- . 
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Fig. 21.—Signal-cabin relay room, showing relay racks and wiring, also ladder access 
to underside of locking frame. 


rooms adopted during the last twelve years endeavours to meet 
the following requirements 

(1) Fireproof construction 

(2) Freedom from trouble caused by mice or rats 

(3) Accessibility of all equipment for easy maintenance 

without need to remove covers 

(4) Clean and comfortable accommodation for the signalman 

The buildings are designed to suit the surrounding conditions, 
special consideration being given to the arrangement of cable 
entries, which are located well above the floor level. By the 
provision of entries at several points a con¬ 
gestion T>f cables atone point is avoided. 

Relay racks are of steel and are arranged 
to be clear of the walls of the relay room so 
as to give full access to both sides of the 
relays and to the wiring. The racks are of 
skeleton construction, thus providing the 
minimum area for the accumulation of dust. 

They are built of standardized components 
from which racks of any required size can 
be readily assembled. The wiring supports 
are arranged with the hooks in tiers at an 
angle of 45° on the horizontal runs, so 
that wires can turn out at any point required 
without having to cross adjacent runs. 

Direct access to the underside of the inter¬ 
locking frame is provided from the relay room, 
giving a direct way for the wiring, which is 
carried up in a series of small runs, avoid¬ 
ing large bunches of wires and giving ready 
accessibility. 

Fuses are provided at all* points where in¬ 
coming or outgoing cables terminate inside 
the relay room, thus giving a convenient testing 
poipt.^ The fuses are mounted on the walls■. 
of the relay room and are fitted on strips of 
channel steel slightly inclined, so that the 


minimum wall space is occupied by incoming 
and outgoing cables. Busbars are provided 
for the feed and return of circuits, separate 
sets of busbars being necessary for the supplies 
for the main signalling circuits, and the illu- 
minated-diagram circuits, which are fed with 
low voltage. Fig. 21 shows the relay racks 
with the relays and wiring in position. 

In the signal cabin the interlocking frame 
is enclosed in a steel casing which also in¬ 
corporates a booking desk and the telephone 
instruments; the latter are thus ready to hand 
when the signalman is making entries in his 
register. For the whole of his period of duty 
the signalman has to remain in the signal 
cabin and has to take his meals there at 
convenient times. It was thought desirable 
to provide some facilities for the signalman 
to store his clothes, cooking utensils and 
other requirements, rather than .have them 
placed indiscriminately about the signal cabin. 
Accordingly, a separate room was provided 
where each signalman has a locker for keep¬ 
ing his personal belongings, as well as a sink 
with running water, shelves for storage, and a 
coat rack, etc. 

The walls and floor of the signal cabin are 
tiled, with special recesses to take all the 
signalman’s necessary equipment. The room is thus easily 
cleaned and is always tidy (Fig. 22). 

■ n 

(14) THE ILLUMINATED DIAGRAM 
The illuminated diagram is an important part of the fittings 
of the signal cabins and has been of the cut-out strip-light type 
since its inception in 1905. Slight modifications have been 
made in the design of the diagram employed, but basically the 
same type has been in use for many years. This comprises a 
paper plan mounted between two panels of glass. The sections 
representing the track are cut out, leaving clear spaces illumin- 



fig. 22.-:-intefior of modem signal cabin. 
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ated by small lamps mounted at the rear for the full length of and to clear the associated signals, thus saving the signalman 
the track. Tests have been made with alternative types of actual lever movements. The reduced number of levers means 
illuminated diagram, but for the convenience of signalmen that all the levers necessary are practically within reach of the 
operating busy services no other type offers such satisfactory signalman from his central booking position, 
indications. In recent years, the introduction of miniature The arrangement of the relay-interlocking* system facilitates 
screw-type 12-volt lamps in the diagram has enabled the width the signalman’s operation of the frame, as although interlocked 
of the illuminated strip to be reduced, thus improving the clarity levers are still employed, they are not electrically backlocked, 
of the plan. all the locking being done on the relay-interlocking circuit. The 

The feature that for a considerable time was an objection to signalman can therefore operate the* appropriate levers to set 
this type of illuminated diagram, namely the reflection in the up a fresh route as soon as the front of a train has passed the 
front glass of objects and lights in the signal cabin, has largely signal controlling the route previously set up. After the signal- 
been overcome by using a lightly-acid-washed glass for the man has reset the levers, the passage of the first train, when it 
front. This has removed the shine from the glass’ without clears the appropriate track circuit, completes the circuit neces- 
seriously affecting the clarity of the diagram. sary for the points to be thrown and the signal is cleared for the 

Where route-controlling signalling is employed, the diagram new route. Thus the signalman does not have to stand with 
indicates the lie of points by a small dark patch on the ’his hand on the lever waiting to make a movement immediately 
illuminated strip. The line for which the points are set shows the track circuit clears, but can be performing other duties, such 
as,a continuously-illuminated strip, whilst the diverging route as telephoning or entering up his register. 

A typical example of a layout in which 
relay interlocking and route control are em¬ 
ployed is that at Finchley Road, where a 
new signal cabin was provided in connection 
with the extension of the Bakerloo Line. The 
layout controlled from this signal cabin is 
shown in Fig. 23; it comprises a total of 34 
signals and 23 points, the whole controlled 
by 24 route levers. Mechanical interlocking 
is retained between the levers and push-pull 
levers are used, as this reduces the number 
required. Mechanical iocking does not really 
perform any specific safety function, but is 
very convenient for providing a reminder to 
the signalman should he endeavour to make 
an incorrect move or to operate a conflict- 
Fig. 23.—Signal-cabin illuminated diagram. i n 8 l ever before the previous one has been 

reset. 

has a short dark section close to the points. By interconnecting Fig. 24 shows a typical control circuit for a signal in a route- 
the lamps in these special sections with the point-indication control installation. The control circuit shown is for signal 
relays, the dark patch is transferred from one strip to the other MD 25H, and as indicated on the layout this is a disc signal 
as the points are operated (Fig. 23). reading back into a reversing siding. The electrical interlocking 

comprises circuits incorporating lock relays. Each signal has 
(15) RELAY INTERLOCKING AND ROUTE CONTROL a lock relay, which is de-energized immediately the signal shows 
SIGNALLING clear and can only be energized again when all conflicting circuits 

Relay interlocking was first introduced on the Board’s rail- are closed.- The lock relay, in turn, is detected in the energized 
ways at a small signal cabin at Wood Green in 1932, where an position by the circuits of conflicting signals. The lock relay 
arrangement was incorporated for control of the signalling by MD 25H, together with its controlling circuit, is shown at 
the train describer, making a signalman unnecessary for this 25HLR. A special feature, which has been added to the circuit 
duty. A connection was made to the train-describer receiver and ensures that the train has completely travelled through 
so that when the description showed that the next train was to the route before the lock relay can be again energized, is the 
be reversed, the points were automatically set and the train route-checking relay shown at 25HUCR. This relay is de- 
signalled into, the siding. Similarly, operation of the train energized as soon as the train passes the signal and cannot be 
describe was arranged to signal the train out of the siding into energized again until the train has proceeded through the route 
its proper sequence in the service. and is standing on track GM. 25H LR requires 25H UCR to 

The first installation of route-control signalling with relay be energized to permit the former to be energized in its turn; 
interlocking was put in at West Kensington in 1934. Here the the completion of the movement by the train is thus proved, 
signal cabin is normally switched out and the service operates It will be noted that the signal control proper includes contacts 
straight through, but there are occasional moves to sidings, on both the point-detection relays shown at 46 KR and point- 
By providing relay interlocking with remote control operated control relays shown at 46 WR—similarly, 53 KR and 53WR. 
frofruan adjacent signal cabin about half a mile away, the signal The current for the signal-control circuit originates from the 
cabin need not normally be manned. Since that time, route- main signal-cabin busbars and returns to the signal cabin NX, 
control signalling with relay interlocking has been adopted in whilst the signal and trainstop indication circuits shown at 
five further signal cabins which have been erected. 25H GCR and 25H VCR originate from the winding of a trans¬ 

it is believed that the combination of route control with relay former located at the signal and return to the NX of that trans- 
interlocking hSs proved of considerable help to the signalman former. This, together with the individual lead-covered cables 
in dealing with a close service of trains. With route control, previously mentioned, provides a safeguard against false feeds 
one lever movement serves to set one or more pairs' of points between one drcuh and another. 











SR — Stick relay. 

GCR = Signal-proving relay. 
VCR — Trainstop-proving 
relay. 

G = Signal. 

GR — Signal relay. 


V — Trainstop. 

VR = Trainstop relay. 

CA, GS, CBB, etc. =? Contacts of track relays. 
LR — Lock relay. 

UCR = Route-proving relay. 
JNR = Time-release relay. 


ALR w Approach lock relay. 
KR «= Point-position detector 
relay .(in signal cabin), 
WR ~ Point-control relay. 

BX a=» A.C. supply, feed. 

NX ™ A.C. supply, return. 


Fig. 25 shows a typical point-control circuit for electro¬ 
pneumatic points. The point valves are shown at 46 A NW and 
46 B NW; these are the normal ones, while 46 A RW and 46 B RW 
are the reverse point valves. The points are fitted with 
electric tracklocks on the actual point layouts, and are shown 
at 46 A WJ and 46 B WJ. The point-control relay is shown at 
46 WR, and all the electrical interlocking circuits are contained 
in the controls to the operating coils of this relay. The relay 
serves to maintain current on the point valves until the relay 
position is changed by one of its coils being de-energized and 
the other coil energized, when the relay throws completely over. 
The contact shown at N 46 WR is now broken and contact 
R46 WR on the circuit to the point-control valves is made, 
causing the points to operate. These contacts, normal or re¬ 
verse, as the case may be, maintain current on the valves even 
though the control circuits to the point-control relay are inter¬ 
rupted by the opening of relay contacts contained in the various 
interlocking circuits. 

In the circuit shown, provision is made for the points to be 
operated by a separate lever included in the frame for testing 
purposes; the locks on this lever are shown at 46(NB)L and 
46(RD)L, while the lever contacts shown arise from this separate 
lever. It has already been considered whether this separate 
point lever is really necessary, and qn a small installation recently 
brought into service emergency point levers have been omitted. 


(16) POWER-WORKED-LEVER REMOTE-CONTROL 
' SYSTEM 

The use of relay interlocking helps the signalman in the 
operation of the traffic, but it has the disadvantage that the 
circuit employed must of necessity be much more complicated 
than with individual-lever signalling. While the standard of 
reliability has been appreciably raised, nevertheless failures 
may still occur occasionally, and with the more involved circuits 
delays to traffic tend to be longer than where a simpler system 
of signalling is employed. Moreover, an alteration to the 
circuit necessitated by variations in the track layout <5r addi¬ 
tions to the signalling involves very careful workmanship and 
elaborate testing to ensure that no mistakes have been made. 

In an endeavour to overcome these difficulties, a fresh arrange¬ 
ment of remote-control signalling was evolved just before the 
w ^ r .‘ ( ~ )ne sma ^ signal cabin has been brought into service; 
utilizing the new system; another has been constructed, although 
it is not yet in service. This new system is particufarly adapted 
for the remote control of signalling from a distant signal cabin. 

. Alternatively, for the control of a large layout from a central 
signal cabin, it allows the signalling equipment to be broken jap 
into several small units. 

Here a number of small signal cabins are provided, suitably 
located in relation to the points and signals to be operated. At 
each an interlocking frame is installed, with mechanical inter- 
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Fig. 26.—Northern Line, Highgate to Archway, speed-control signalling. 


A ’ e £- = J. rack circuits * JR = Timing relay. 

SI, S2 = Timing track circuits. A, n = Rail circuits. 


BX » A.C. supply, feed. 
NX ~ A.C. supply, return. 


locking of the levers and electrical backlocking and track 
locking, as well as with full track-circuit control of the signalling 
circuits. 

Individual levers are employed for the signals and points, 
and all the levers on the frame are arranged to be power- 
operated so that they can be operated from some remote 
point. In the design already adopted, this is achieved by adding 
small electro-pneumatic cylinders to each lever—one cylinder 
arranged to move the lever from normal to reverse, and a second 
to move it from reverse to normal. Thus the whole of the 
controls can be concentrated in a central control tower where 
the arrangement can be route controlled in any way desired, and 
the circuits arranged to operate the appropriate levers at the 
local signal cabins. 

(17) SPEED-CONTROL SIGNALS 

The use of speed-control signals on the Board’s railways as a 
means of facilitating traffic movements has been considered 
from time to time, but has never been adopted. With the 
opening, of the extension of the Tube from Archway to East 
Finchley, it was thought that special arrangements to ensure 
the observance of the speed restrictions were necessary on 
account of the 15-chain curve at the bottom of a long section 
of 1 in 50 down-gradient. Consequently, the signals have been 
arranged to exercise speed control on the trains passing over 
the section. Fig. 26 shows a plan of the section and also the 
control circuits Of signals A.507 and NN. 15 which are provided 
with the speed-control feature. 

The system arranges for ‘the speed to be brought down to 




Fig. 27.—Time-element relay. 
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30m.p.h. in tw<5 stages. Signal A.507 checks the speed to 
below 40m.p.h. and signal NN.15 checks the speed to below 
30m.£.h. Illuminated speed-restriction signs are provided, 
reminding the driver of the need to reduce speed. The speed- 
control signals are kept at danger until the train has passed over 
a timing section and the speed has been registered by the time- 
element relay at below the required value. Immediately this 
happens, the signal concerned clears. The timing sections are 
shown as S.l and S.2 on the diagram. 

In the event of the train passing over the timing section at a 
speed in excess of the speed limit, the signal concerned remains 
at danger and the driver is compelled to stop at it. Should this 
happen, provision is made by a rail circuit adjacent to the signal 
for the signal to clear after the train has come to rest, so that 
complete interference with traffic movements does not occur. 

A special time-element relay, which is shown in Fig. 27, has 
been developed for use on sections of this sort. The relay is 
actuated by a clock-type synchronous motor driven from the 
signalling supply. The relay is adjusted to a fixed time interval 
maintained at 4|- sec. Tlie variation necessary to fit in with the 
required speed restriction is obtained by altering the length of 
the section. Section S.l, which is adjusted for 40m.p.h., is 
264 ft in length; while section S.2, which is adjusted for 30 m.p.h., 
is 198 ft in length. 

, • 

(18) CONCLUSION 

The trend of development in any signalling installation must 
be primarily to improve the safety factor of the equipment and 


to ensure that everything possible is done to avoid any improper 
working of the equipment likely to cause an accident. Never¬ 
theless, constant attention must be given to the need for im¬ 
provement in the reliability of the equipment in service, so that 
delays to traffic are reduced to the minimum. 



Fig. 28 shows the failures per unit per annum from 1921 to 
1942 and indicates the progress that has been made in improve- 
ing the reliability. The slight tendency of the failures to rise in 
1938 and 1939 was due to a period of extensive alterations to 
the signalling systems and the addition of new equipment which 
took some little time to settle down. 


• DISCUSSION BEFORE THE MEASUREMENTS SECTION, 17TH MARCH, 1944 

Major L. H. Peter: This paper is one which provides a record large saving in cable, and might provide means for giving a signal 


of the application of well-known principles to a large system. 
Basically, the system described is still the same as that installed 
in 1904, namely the two-aspect signal system with repeater 
signals controlled by track circuits and with train stops at the 
signals to enforce obedience. Point operation throughout the 
period has been based on the electro-pneumatic system. 

Although the system has remained the same, the apparatus 
and the circuits have undergone considerable development. 
Many of the appliances used are peculiar to the requirements of 
the dense traffic of the system, and throughout the paper there is 
clear evidence of the great attention which has been paid to 
achieving the utmost security and reliability of operation in every 
detail. 

There are a few points on which one wonders whether, if the 
system ISad to be re-signalled, the same methods would be adopted. 

In Section 5, curves of the relative cost of track circuits, etc., 
for all third- and fourth-rail systems are given, based on 1936 
figures, , Some statement as to the frequency of the supply for 
the signalling system on which these were based is desirable, 
because 1 *the cost of impedance bonds, which is the major item 
in the third-rail traction system, is to some extent dependent on 
this. Raising the frequency of the signalling supply with third- 
rail traction might be of considerable advantage in the future. 
As many transformers in signalling systems would also be re¬ 
duced in size, and in view of the relatively short track circuits 
norwgiliy used in this country, rail impedance is not a vital 
matter. The upper limit of frequency that can be used with 
advantage depends on whether any of the signalling apparatus 
requires^ small a.c. motors. The proposed increase in frequency 
also tends to reduce the capacitance required in feed and reso- 
nated,systems* 

It is possible that, when considering an entirely new installation 
as distinct from the development of an existing installation, 
recent developments in coded track circuits might represent a 


in the cab and enforcing speed control without necessarily using 
the mechanical trip-arm. Such a system of track circuiting also 
offers some security against extraneous alternating current, 
mentioned in Section 9.2. 

Another point is the modern method of drying air, which 
avoids the use of the spirit injectors shown in Fig. 14. 

One or two symbols have crept into the chart which are not 
included in the standard nomenclature of the B.S.I. If these 
symbols are necessary, that Institution might consider making 
these additions so that we can keep our signal language complete. 

One of the most striking features of the system described is the 
high degree of reliability of the equipment, as shown by the failure 
chart in Fig. 28. When this chart is related to the train mileage 
it is seen that a unit piece of signal apparatus, or a group com¬ 
prising a unit, is called upon to operate very frequently over a 
period of very many years without any sign of failure. This is 
a testimony to the efficiency of the system, the apparatus and the 
maintenance engineers, which should not be disregarded. 

Mr. F. H. D. Page: Not only has a signalling circuit to be 
designed to perform a definite function, but it is essential to 
prove that that function has been performed in the way intended 
and, further, that no fortuitous conditions shall adversely affect 
that function. While this implies a certain degree of complica¬ 
tion, over-complication brings its own disadvantages, and the 
engineer has to decide just how far it is really practicable and 
economical to go. For instance, in the automatic signalling cir¬ 
cuits in Fig. 4, the berth track relays are provided with back con¬ 
tacts for coupling to NX. While this may give protection 
against a false feed or the accidental bridging of track relays 
991}, 99b and 101b, it may not be effective if, for some reason, 
the resistance of this contact becomes too high to blow the fuse. 
It is therefore questionable whether this ^refinement is really 
justified. Has this contact proved useful, and has any par¬ 
ticular attention been given to its maintenance? 
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The author’s arguments for a special frequency for signalling 
circuits and for two-cored cables, instead of multicored cables, 
do not justify the enormously increased cost of adopting these 
features on the main-line railways, particularly in view of their 
long experience of standard frequency and multicore cables in 
large power and automatic installations. His design of a 
screened multicore cable will do little, if anything, towards 
bringing the cost within practicable limits. 

Much controversy has centred round the merits of all-electric 
and electro-pneumatic operation. There is a great deal to be 
said for the simplicity and reliability of the latter so far as point 
operation is concerned, and it may be particularly suited to the 
Board’s conditions. The author refers to experimental com¬ 
parisons made on a signalling section; can he give figures of the 
comparative costs of the two systems? The possession of a 
pneumatic system has certainly enabled him to introduce the 
power-worked-lever remote-control system described in Section 16, 
but, even so, I cannot see the advantage gained over remote 
... control as installed on the Great Western Railway. 

Has the author found abnormal deterioration of the lead cable 
sheaths owing to vibration, and what is the average life of these 
cables on tube lines and on open-air routes? 

Mr. S. W. Melsom: The paper is admirable from the point of 
view of railway-signalling apparatus, but I am a little dubious 
concerning some of the author’s remarks about cabling. In 
Section 10, loss of lead on passing the cables underground is 
mentioned. This appears to be a clear case of electrolysis, due 
to d.c. earth currents from the earthed rail: a quite common 
experience with trams where feeder or transmission cables were 
laid alongside or near the track. The effect of the electrolytic 
action might easily be mistaken for burning. 

The author refers to the cure for the trouble. I suggest that 
by putting his cables on posts he has taken them out of the lines 
of leakage current flow. The cables are not now earthed but 
are well bonded, and the method could be further improved by 
inserting a piece of insulating material at each supporting point. 
Bonding the cable sheaths back to the signal cable is probably 
a much better method than attempting earthing under these 
conditions. 

The author’s description of his proposed new type of multicore 
cable is'most interesting, though I am surprised at the reasons 
which appear to have brought it about. In my opinion, a 
straightforward multicore cable could and should be wholly 
satisfactory; perhaps, however, we may expect consultations 
on these matters with a view to providing the best possible type 
that can be devised for these very important services. 

Mr. E. G. Brentnall: As the author points out, conditions on 
London Transport are very different from those of the main-line 
companies, and this affects the type and operation of the signalling 
system adopted. He states that the electro-pneumatic installa¬ 
tions of the Board’s system are simpler than all-electric ones and 
hence are^ easier to maintain. But with an electro-pneumatic 
installation there are two sources of power to be provided, and 
the main-line companies could not therefore economically operate 
electro-pneumatic gear, except at certain locations. 

The double feed to the red signal lamps is interesting. On the 
London and North Eastern Railway the contacts feeding signal 
lamps are duplicated, wherever possible. What is the method 
used on London Transport railways for changing lamps? On the 
L.N.E.R., independent double-filament lamps are standard, and 
only one filament is lit, so that when the main filament fails the 
second filament is Vbrought in automatically. The lamps are 
inspected at least /Weekly and remain in use until the mafii 
.filamentfails. / ; v 

The fourth-rail traction system is simpler from the sigmillmg 
point of view as it does away with the necessity for impedance 


bonds, but I am surprised at the financial advantages claimed 
over the third-rail system. As main-line systems usually have 
fewer track circuits per mile than the Board’s system, tlfe dif¬ 
ference in cost between the two traction systems would probably 
not be so marked on main lines. 

With regard to the signalling cables, there is much to be said 
for multicore cables, and the possibility of failure by breakdown 
is very remote. The burying of cables also offers many advan¬ 
tages, provided they are buried in the proper place and due 
precautions are taken. 

I believe there is a great future for relay interlocking or its 
equivalent, but in my view the panel system with the switches 
situated on the panel is better for main-line conditions. This is 
a controversial point, but the system has certain definite advan¬ 
tages as to convenience of operation. 

I was particularly interested in Fig. 28, showing the progressive 
reduction in total failures per unit over the last 23 years. This 
is a matter of congratulation to the author, and is a very creditable 
achievement. 

Mr. H. H. Dyer: I believe that the multicore cables with which 
trouble was experienced were v.i.r. insulated. The multicore 
cables used by the L.M.S. Railway for signalling are oil- 
impregnated-paper insulated and there is a very large factor of 
safety, the works test voltage being 3 000 volts r.m.s. for 15 
minutes, against an actual working voltage not # exceeding 
110 volts r.m.s. Such cables have been in use for as long as 
35 years and have given no trouble. I cannot agree that the 
additional cost of single- and twin-core cables is justified. 

Referring to Fig. 17, the author has shown a fault between 
two conductors on the BX side, but I would point out tjjat if 
he had included control contacts in the NX side as well, two , 
failures would have been necessary at exactly the same instant on 
two chosen pairs, to set up a dangerous condition. The circuit 
shown in Fig. 18 is not immune from the same trouble, as 
absolute reliance is placed on the earthing of the NX 
side of the supply. If this should be inefficient, a contact 
between a BX wire and the sheathing in each of the two 
cables could result in precisely the same condition as that 
shown in Fig. 17. 

The lead-covered signalling cables used by the L.M.S. 
Railway are protected by two layers of oiled paper and two layers 
of bitumen-impregnated hessian, which provide adequate pro¬ 
tection to the lead sheathing against the effects of electrolysis 
and chemical action. 

Although the use of higher frequencies is possible on the 
London Transport lines, the main-line railways have signalling 
installations ail over the country, and obviously had to adopt 
50 c/s as no other frequency is available. 

Mr. S. A. Stevens: I think that Figs. 17, 18 and 20 are worth 
further discussion, as they concern that part of the subject re¬ 
lating not merely to signal engineering but also to general elec¬ 
trical problems. Many signal engineers believe that the best 
principle is not to earth the NX, but to keep the whole system 
insulated from earth and then to install leakage indicators to 
prove the insulation of the system* The author has chosen an 
arrangement whereby some point in the power system is con¬ 
nected to earth so that a fault on the other side of the system 
clears itself by blowing a fuse. Relying on the blowing of a £nse 
means relying on a low-resistance fault, and one rttay then # have 
to wait for a fault to drop to a low-resistance level. If the:/ 
system is nbt earthed it may be kept running although the fault 
may be developing, and a warning may be given of a detejppjng 
fault while it is still convenient to deal with it # 

I am aware that the author has in the past used leakage indi¬ 
cators, and I am interested to learn why they have been replaced 
by fuses. I believe that the system used at one timd was a de* 
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velopment of the old system used by d.c. power engineers, with 
two lamps connected in series across the positive and negative 
sides Sf the system with the mid-point earthed. This demon¬ 
strated, not that the insulation was sound, but only that both sides 
were equally insulated: yet there may be faults on both sides which 
counteract each other. Perhaps this was the author’s objection to 
the leakage indicator. If so, has he considered another system 
in which the NX, instead of being directly connected to earth, is 
joined to earth through a source of direct current using a high 
resistance so as to superimpose on the a.c. signal-power system a 
small d.c. potential fed through a high resistance; by this means a 
voltage-operated relay, also connected between NX and earth, is 
energized as long as the insulation of the system as a whole is 
properly maintained. A fault developing at any point on either 
the BX or NX sides of the system will be indicated by the release 
of the relay (British Patent 549511). 

Does not the author consider this method of giving a fault 
indication preferable to waiting for a fault to become a break¬ 
down, and possible interrupt the service? 

Mr. H. Bujama (< communicated ): My main interest lies in the 
apparent challenge thrown out by the author in Section 5 on 
the advantages of the fourth-rail traction system. To any 
Southern Railway engineer who knows the success that has been 
achieved by the third-rail system, the troubles encountered ^on 
the Board’s^ignalling system are comparable to those which were 
expected, but which did not materialize, on our own system. 
That the Board should be harassed from one system to another 
by fourth-rail leakage and electrolysis is a distinct disadvantage 
of the fourth rail, as our signal engineers can assure them that 
we dq not get the same kind of troubles. 

« Concerning track voltage drop, it should be noted that two 
track rails have a resistance equal to that of one 150-lb conductor 
rail, and the supply and bonding of the fourth rail must be more 
expensive than the mere bonding of two track rails, so that the 
Board have no advantage in this direction. 

While one must admire the cable runs carried out by the Board, 
it is surprising that this work is necessary because the Board 
cannot run cables at ground level for fear of electrolysis; our 
signal engineers run lead-covered cables in the track, although 
mainly “ite” types of cable are used with success. 

In the earlier schemes adopted by the Southern Railway, 75-c/s 
signal supplies were introduced, but since 1933 long lengths of 
track have been supplied with 50-c/s signalling, and no inter¬ 
ference has been encountered or expected. In the case men¬ 
tioned, where leakage from an arch was in evidence under the 
track rails, it is, in my opinion, impossible for such leakage to 
have interfered with a track circuit. I would be interested to 
hear what frequency is adopted for signalling in the Board’s area, 
where the C.E.B. supply substations at 50 c/s. 

I am intrigued by the author’s phrase: “Although the third- 
rail system can be adopted, and is in use elsewhere.” In view 
of the Southern Railway’s 1700 miles of single track, our last 
year’s car mileage of over 160 million, the number and size of the 
Southern Railway’s power signalling frames, and the number of 
our traction substations. Southern Railway engineers can assure 

THE AUTHOR’S REPLY TO 

'vMr.TlL DeIT(m reply}: Major Peter refers to the frequency of 
supply for signalling, which on the Board’s system is 33} c/s. I 
agree that the use of a much higher frequency would offer 
adv$nt#^s. While I have no experience of the behaviour of 
coded track circuits, I think that die additional apparatus with 
its attendant maintenance may outweigh the saving in cable. 
The maintenance required by cable is extremely small, if it is 
properly installed. * ' 


the author that the third-rail system is in use elsewhere with some 
success. 

Electrification schemes have much in common, and we can 
learn much from the experiences of each other. We must con¬ 
gratulate the author on the high percentage of accuracy shown 
by Fig. 28. Southern Railway signalling engineers assure me 
that they, also, have a high percentage of accuracy, and have 
to deal with these expensive impedance bonds, and our track 
rails carry very heavy d.c. currents. 

Mr. J. F. H. Tyler (< communicated ): The London Transport 
system of earthing signalling circuits depends for its success, on 
the use of unserved lead-sheathed cables and on the continuity 
of the cable run. It would not be possible to adopt this method 
as standard main-line practice owing to the short lengths of cable 
sometimes installed. 

It would be interesting to know what precautions are taken 
between open and tunnel sections to avoid full earth being applied 
to the open section cables. 

The London Transport type of twin-cable run unfortunately 
proves too expensive for general adoption by the main-line com¬ 
panies. It is often claimed that the best method of installing 
signalling cables is to bury them direct in the ground, which is 
cheaper and avoids the risk of damage by derailments. In my 
opinion, this view does not take sufficient cognizance of the 
many alterations and additions to the signalling scheme which 
inevitably take place during the life of the cable; or of the possi¬ 
bility of damage due to civil engineering works. Liability to 
damage due to derailments, in my view, is overrated, and if it 
does occur the extent of the damage is at once obvious. Damage 
to buried cables may be undetected for a long time. 

I believe that a cable run should be a general-purpose item 
which should be available for all signalling and communication 
cables. In the course of time, a great deal more cable will, no 
doubt, be installed on the main lines to avoid gale and snowstorm 
damage to overhead lines. It is possible that in the future we 
may also have to install coaxial cables for carrier circuits to in¬ 
crease the number of channels and overcome the growing, 
difficulty of short cable lengths in the trunk lines. 

The policy of burying cables does not facilitate alterations, re¬ 
newals and additions, and the practice of running cableg above 
ground in the most accessible manner seems much sounder. It 
is quite possible to provide a single cable run suitable for main¬ 
line conditions at a cost comparable with the burying method, 
and this, I consider, should be done at every opportunity as a 
long-term policy. 

For restricted clearances, the Board’s system of concrete sur¬ 
face troughing maintains the principle of maximum accessibility, 
but objection is often raised that the troughing is subject to the 
ingress of water and dirt, and perhaps the author would state his 
experience on this point. 

With regard to the provision of satellite power frames in a 
large remote-control installation, it would be interesting to know 
what type of failure is envisaged which could be overcome by 
bringing the satellite into manual operation, seeing that the 
same safeguards are presumably applied in both cases. 

IBQE DISCtJSSION 

I agree that the circuits through back contacts of berth track 
relays, referred to by Mr. Page, are not self-proving and leave 
something to be desired, but they are trifling in first cost, and 
the degree of protection they give is considered worffi securing. 
I have not available directly comparative costs of the all-electric 
and electro-pneumatic systems, but I consider that for an in¬ 
tensive installation- the latter is cheaper. Its cost per point 
mechanism is about 50 % that of an electric one. 
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With regard to the deterioration of lead cable sheaths by 
vibration, no particular difficulty has been experienced with the 
special alloys designed to resist vibration so long as supports are 
placed sufficiently close together. Special precautions to protect 
cables from vibration at difficult points, such as bridges, are taken 
by suspending the cables on leather or balata straps. An out¬ 
door installation provided just over 20 years ago has begun to 
show signs of deterioration. Here, the cable bracket spacing is 
3 ft 6 in. The conditions in tube tunnels are very suitable for 
lead-covered cables, and cables have been found in surprisingly 
good condition after over 30 years’ service. 

Mr. Melsom draws attention to the possibility of .electrolysis 
causing deterioration of cables installed underground. This is 
quite probable and might combine with mechanical damage 
owing to the vibration of trains passing above. I have seen 
cables damaged by electrolytic action, but I have not confused 
damage of this type with burning of the cable due to excessive 
currents, such as sometimes occur with faults in the traction 
system. I wanted to emphasize that, in moving the cables from 
underground ducts to positions above ground, they have been 
brought from a position in which they were liable to damage to 
one of comparative safety. 

In reply to Mr. Brentnall, on the Board’s system the signal 
lamps are of the double-filament type in daylight signals, with 
both filaments normally alight; in the tunnels two lamps are 
employed in parallel. Lamps are changed by the maintenance 
staff following inspection. 

Mr. Dyer’s suggestions that signalling circuits should be inter¬ 
rupted by contacts on both poles is interesting, but would mean 
a very heavy increase in the number of relays necessary at, for 
example, a relay interlocking. I agree that the safety of the 
signalling system depends to a large extent on the continuity of 
the earthing of the NX side of the supply, and for this reason 
the rather elaborate precautions described are taken with this 
earth connection. 

In regard to the comparative advantages of the insulated 
system of signalling circuits and the system of earthing the NX 
pole, Mr. Stevens suggests that it is better to detect a fault when 
it is in a high-resistance state, so that it can be cleared at leisure 
without interfering with the proper operation of the system. It 
was just this feature which led to the decision to adopt the 
earthed system in the Board’s signalling. Once a high-resistance 
fault has developed, it operates the earth indicator and the line¬ 
man responsible may leave it for hours, or even days, while busy 
on some other work; even if he applies himself immediately to 
the job, locating the actual fault may take some hours. Mean¬ 


while, the leakage indicators have been rendefed inoperative by 
the one fault and will not indicate a second fault, which may 
develop and create dangerous conditions. In instructidhs for 
linemen on what measures to take when the earth indicator shows 
a fault on the BX side of the system, a warning has to be included 
that the NX of the system must be earthed immediately the earth 
indicator shows a fault, so that the system may be safeguarded 
until the fault is cleared. From this, it appears only logical to 
adopt the earthed system continuously. 

I have no experience of the superimposed d.c. earth indicator 
described by Mr. Stevens, but from his description it appears to 
give a much better leakage indication than the two relays with 
the mid-point earthed. But I do not think that this advantage 
would outweigh the disadvantages of the insulated system. 

Mr. Bujama appears to be under some misapprehension as to 
the comparison made in the paper between the fourth-rail and 
third-rail systems. I gave no details of troubles encountered on 
the Board’s signalling system due to the use of the third-rail 
traction installation with an earthed return. Most of the Board’s 
traction installation from its inception has employed*the fourth- 
rail system. Mr. Bujama states that two track rails have a re¬ 
sistance equal to one 150-lb conductor rail. The measured re¬ 
sistance of a 60-ft B.S. 95-lb running rail in new condition is 
approximately 0*00063 ohm, so that two such rails in parallel 
would have a resistance of 0*000315 ohm, whilst the resistance 
of a 150-lb conductor rail, 60 ft long, is 0*000228 ohm. 

Mr. Tyler proposes a general-purpose cable run, which is 
already the practice on the Board’s system. The concrete cable 
posts accommodate the signalling cables, compressed-air pipes 
and telephone cables, generally on the track side of thejposts, 
with high-voltage feeder cables from the power houses to the^ 
substations, and lighting cables on the other side. The low- 
voltage traction cables are generally not run on the same posts, 
as a defect on these cables causes extensive fusing and damage 
to neighbouring cables so that it is better to keep them away 
from the signalling and high-voltage cables. 

Concrete surface troughing is not as satisfactory as cable 
brackets, and in my opinion should be used only when the other 
methods of cable installation described are not available. 

Satellite power frames can be brought into service whenever a 
fault develops between the main control cabin and the satellite 
cabin. For instance, if the main cabin were completely 
destroyed by fire or otherwise, the signalling system could be 
kept running by the satellite frames. They could also be used 
should a fault develop on cables between the control cabin and 
the satellite. 


DISCUSSION ON 

“THE FUTURE OF THE DOMESTIC WIRING INSTALLATION”* * 

TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 3RD NOVEMBER, 1943 

nV 1 “ C t harge , of ^working- of the tenants use hired cookers, and had it not been for the war 
Jould like to quote| a few statistics m this percentage would now be much higher. Nevertheless, the 

v^ fh^nv tpnan? tr, mawT ^ sho .^ ld be P r °- avera se consumption of consumers on this particular estate is 

wSdl n of electricity if he or she 132% higher than the average domestic consumption of thS whole 

iQtS Mv council housing estates, built in of the supply area, notwithstanding the fact that 22*% of the 

r»wt-’ reasonable facilities were provided in the way of dwellings are occupied by aged people in three-roomed bunga- 

JjjSj* eSc^ h ° U M % eq “ ppe , d lows - ^ avera S e consumption of the latter group Is 72-5% 

tenants could, if they wished, above the total domestic average. These resultaare highly satis- 
also hire an electric cooker at the usual rental. Up to date 49 % factory and fully justify the policy of providing the facilities sug-. 

* Paper by Forbes Jackson, w. j. h. ($ee 1943 ^tedbythe authors. Itismyview that theselsetricalindustry’ 

90, Partii,p. 453 . str *ve to put satisfactory installationsin all new dwellings 
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as they are erected, and see that the cost of this equipment is 
included in the initial price. By doing so the cost will be spread 
over foe period of hire-purchase where houses are built by 
private enterprise, or over the loan-term period of housing loans 
where houses are provided by local authorities. I feel that only 
by spreading the cost over a period of years will houses be ade¬ 
quately equipped for an electrical service, at least in working-class 
areas. 

. Regarding protection, I fully agree with the suggestion of 
single-pole fusing and the elimination of a main installation fuse 
so that costs can be reduced. The authors mention the possi¬ 
bility of replacing fuses by small circuit-breakers. Why not go 
a little further and incorporate an earth-leakage tripping device 
with the circuit-breaker? I think it is highly desirable to provide 
this added protection for the proposed ring-main and kitchen 
circuits. 

I hope the time is not far distant when the necessary amend¬ 
ments will be made to the Wiring Regulations to incorporate the 
many suggestions put forward in this paper. 

Mr. W. E. Dalby: The proposals in both parts of the paper are 
very sound and should lead to the desired development of the 
domestic load. In the past one of the main difficulties in de¬ 
veloping the water-heating and cooking loads has been the in¬ 
convenience and cost of installing the necessary circuits. The 
suggestion fhat conduit should be installed for such apparatus, 
whether or not that apparatus is to be connected in the first 
instance, is certainly a step in the right direction. 

I cannot agree with the suggestions in Part 1 that an attractive 
low rate be given for water heating in the summer and that the 
control switch should be locked off during the winter. Such a 
• restriction is very undesirable, and I can foresee objections to 
paying hire charges for the period when the apparatus cannot be 
used. Another difficulty would be that a low rate would rule 
for water heating in the summer months, and would introduce a 
metering problem. Either a second meter would then be neces¬ 
sary, or the unit charge of the multi-part tariff would have to be 
lower in summer than in winter. 

The combined service equipment has much to recommend it. 
In the supply authority’s view it is no doubt very desirable, but 
is not the attainment of such equipment to some extent impracti¬ 
cable at present and likely to remain so until the tariffs of many 
undertakings are revised? Many undertakings have in operation 
two flat-rates for domestic premises, namely, a high flat-rate for 
lighting and a low flat-rate for all other purposes, in addition to 
some form of multi-part tariff. A house may be equipped with 
the simplified service equipment and its attendant simplification 
of the circuit wiring to the satisfaction of the first consumer. 
But a new tenant may decide to avail himself of the two flat-rates, 
with the result that the simplified metering equipment has to be 
altered to the present haphazard arrangement. 

I suggest that tariffs for domestic premises be limited to three, 
namely t&o two-part tariffs—one with a comparatively high fixed 
charge and a low running charge, the other with a low fixed charge 
and a high running charge—and a block tariff based on the first of 
the two-part tariffs. These tariffs would cater for all classes of 
domestic consumers and would enable all the benefits of the 
simplified wiring system to, be reaped by both the consumer and 
the supply authority. 

Mr. jH. V. Field: The proposal to “clean up” the service equip¬ 
ment by a standard equipment of good appearance is timely. 
Such equipment, housed in a plastic case, can be put in an acces¬ 
sibly place without offending the eye, instead of being relegated to 
some gloomy and inaccessible place, such as the cupboard under 
the stairs. Fuse-carriers might also be redesigned to permit easy 
rewiring without recourse to screwdriver and pliers. 

^ : '>The arrangement of conductors in the skirting board is remi¬ 


niscent of the wood casing and capping of an earlier day. What 
arrangements are proposed at places such as doorways and fire¬ 
places? Is a similar system proposed for lighting circuits, or is 
the retention of conduit anticipated—this would give a mixed 
system which can hardly be regarded as an ideal? Embedded 
metal strips in skirting boards would lead to a multiplicity of 
joints, and drawn-in conductors would be preferable, unless all 
joints were sweated. Screwed joints v^ith thin copper strip are 
not satisfactory. 

Part 1 advocates 10-amp fused plugs, whilst Part 2 suggests the 
elimination of local fuses at plug points. Reasons in support of 
the second arrangement would be appreciated. Part 2 also 
advocates a limit of 2 000 watts per circuit—I regard this as low, 
and would suggest 3 000-4 000 watts as more reasonable. 

Mr. J. B. Lancaster: Regarding the difficulties experienced in 
the use of h.r.c. fuses, particularly in the supply company’s 
cut-out as back-up protection to the normal rewirable type of 
fuse, there is evidently a great lack of reliable discrimination 
between the main and sub-fuses in such a layout owing to the 
inherent quick action of the h.r.c. fuse under fault conditions. 
I suggest that the installation of these fuses is, in many instances, 
purely a fetish. I am not condemning the h.r.c. fuse. There is 
no question that, in many instances, the short-circuit current 
available at the service termination necessitates its use; but I 
do suggest that the use of an h.r.c. fuse and rewirable fuses in 
the same piece of apparatus, as in Fig. 3, is wrong. Either the 
short-circuit duty is high enough to demand the use of h.r.c. 
fuses for the main and sub-circuits, or, if it is not, more reliable 
discrimination is obtainable by the use of rewirable fuses through¬ 
out. It should, perhaps, be noted that, while lack of discrimina¬ 
tion may result from the use of a cartridge fuse as the main fuse 
and a rewirable fuse as the sub-fuse, better discrimination is ob¬ 
tained by the reversal of this arrangement. It is often con¬ 
venient to embody a cartridge fuse for local-circuit protection 
(as in a fused plug), and there can be no objection to this practice. 

I think the authors should be taken to task for their advocacy 
of the universal use of 5-amp plugs with circuit loadings up to 
15 amp, or rather for their failure to quote any actual operating 
experience in support of their views. I do not agree that a 
reasonable millivolt-drop figure is in itself a sound criterion on 
which to forecast contact performance. 

Mr. J. G. B. Nicol: I think this paper is much less useful than 
it might have been. Part 1 is useful as it calls attention to some 
sound principles which could be adopted at once, namely ring 
mains, universal sockets, standardization of service arrangements, 
etc. On the other hand, Part 2 falls quite a long way short of 
what should have been aimed at. The main object of a paper 
such as this should be to make known to house designers, house 
builders and house users all the possibilities of electrical services 
and the requirements for their safe and economic installation. 

The laymen who read this paper will not appreciate the terri¬ 
tory prescribed by the word “Wiring” in the title, and will 
accept this paper as the latest expert information on the future 
of all domestic electrical services; 

The authors have departed from purely wiring considerations 
to give one suggestion for a comprehensive kitchen unit. I think 
this paper would have been much more useful if they had ignored 
the title still further and recorded the possibilities of clothes 
drying and airing cupboards, powered ventilation of cooking 
fumes, small buffs for cleaning pots, air-conditioning apparatus* 
etc. . ■ 

I do not agree with the arrangement of the kitchen equipment 
as illustrated, The food cupboard is too near the sink and refuse 
bin. The cooker, too, should not be adjacent, and the unit seems 
to have many inaccessible nooks and crannies for collecting dust. 
I think the kitchen room should be designed as a unit with the 
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cooker, sink, cupboards and tables ranged around and incor¬ 
porated or provided for in the structure. 

Mr. J. J. L. Murray: In Part 2, Section 4.2, the authors say 
“plaster is not really suitable—it holds dust, it cannot be easily 
cleaned, and it cracks,” and continue later—“a really suitable 
wall surface will not only be clean, strong and easily washable, 
but it will be designed for the express purpose of providing heat 
and sound insulation.” -I can sympathize with the authors on 
their first point since, in the smaller dwelling houses, I have seen 
many bad examples of walls and ceilings; but this does not make 
the authors’ statement correct. Plaster cracks when its support 
cracks, which is quite another problem. It is a matter of design, 
workmanship and the use of the correct materials for the job. 
The second part of the statement infers that a surface as defined 
is not possible with plaster. But hard, smooth, joint-free, wash¬ 
able walls essentially made of plaster do exist. 


The authors suggest that the ideal wall can*be produced from 
plastics. The possibilities of plastics are great but there are 
many difficulties to be overcome before building on a larfe scale 
with such materials becomes practicable. It seems to me inevit¬ 
able that future building programmes will be almost wholly 
dependent on normal building materials, namely bricks and 
mortar, no matter how attractive the use of plastics may appear, 
especially since post-war building programmes are likely to com¬ 
mence long before the plastics industry can cope with the demand. 

We must therefore face the problem of efficient wiring installa¬ 
tions, based on the use of existing building materials for a long 
time yet; in consequence I think it is unwise to condemn plaster 
in such specific terms. 

[The authors’ replies to this discussion will be found on 
pages 431 and 432.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 22ND NOVEMBER, 1943 


Mr. P. Ward: I agree with the suggestion in Sections 3,4 and 5 
of Part 1 that in property to be built immediately after the war we 
should aim at the most complete wiring installation possible. If 
the necessary circuits have been provided, the equipment can be 
put in later. I agree with the suggested general utility sockets, 
but they must be big enough to carry the largest pieces of portable 
apparatus likely to be found in a house. They should be suitable 
not merely for small apparatus, such as irons and radio; in my 
-opinion, the 2-kW maximum capacity is not sufficient—3 kW 
should be provided so as to cater for the washboiler and the 
smaller types of existing cooker. As suggested in Section 6, 
conduit should be provided fora cooker circuit, though I would 
prefer to install a complete circuit even if all the plug points 
•desirable could not be put in. 

One ring main in the whole house, as proposed in Section 10, 
will lead to trouble, especially when the consumer wishes to 
become “all-electric,” which, he may be deterred from doing if 
there is one ring maim 

I disagree with “flexing out” as indicated in Section 14. The 
less “flexing out” there is, the better for all concerned; an ade¬ 
quate number of outlets is the only proper solution. 

With regard to Section 15, we must agree that in the past 
service gear has not been all that it might be. The consumer’s 
main fuses can, in a properly-planned installation, be omitted as 
the authors suggest. The suggestion for service boxes is good 
and has been included in some recommendations sent forward 
from this area for consideration by the Installation Committee. 

With regard to Section 15.7, the wiring of flats in particular 
is a difficult proposition, but the chief difficulty is in getting ade¬ 
quate rising mains installed. The authors say this matter should 
be the subject of agreement between the owner and the supply 
undertaking, but they do not indicate how such an agreement can 
be arrived at, either with regard to installation or to maintenance. 

On the whole, I am afraid the authors’ suggestions mean further 
complications in wiring and accessories, and except for the pro¬ 
vision of improved service gear, we had better leave things as 
they are until we reach the stage visualized in Part 2 of the paper. 
Here the authors tackle the problem properly and I agree with 
nearly all their recommendations. 

I do not .thin^ are quite right in suggesting in Section 3 
that the lighting load is proportional to the floor area. In some 
of the smaller post-war houses, rooms will be 8 ft or less in height, 
and the value of ceiling reflection will be different from that in 
higher rooms. 

It will probably be necessary to have two types of kitchen, one 
the combined living-room and kitchen of small houses and the 
other the kitchen proper of larger houses. For the latter, an 


arrangement as in Fig. 1 might be possible but l am rather 
sceptical of these assemblies. They look nice when new, but 
what will they look like in, say, five years’ time? Much will, of 
course, depend on the type of materials chosen. 

The authors appear to prefer individual drives for all power- 
operated kitchen equipment. In the smaller hoiftes there is 
much to be said for a utility motor which can be taken to the 
various pieces of equipment or vice versa. Though not quite so 
convenient, it would give a considerable saving on capital cost 
which is an important item in the small house. 

I do not think the consumer’s fuses should be located jn the 
service box as suggested in Section 4.3.1. Mains should be run # 
in built-in ducts from the service box to central points on each 
floor. Each floor should be entirely self-contained and lighting 
should be split horizontally and not vertically. On a floor where 
there are plenty of plug points the risk of being left entirely in 
the dark is very remote. In the wiring system in Fig. 4, the 
lighting is taken from the ring and any fault on this main will 
put the whole room in darkness. 

I do not agree that 5-amp plugs can be safely operated at 12 
or 15 amp as suggested in Section 4.3.4. Though the individual 
pins may carry the greater current, the complete assembly cannot 
be relied upon to do so, owing to the necessary tolerances. I 
agree that there should be only one size of socket-outlet and that 
this should be of 15-amp capacity. The only exception should 
be 2-amp socket-outlets in the lighting installation only, for 
lamps, clocks and radio. Three such 15-amp socket-outlets per 
room will meet normal requirements, if they can also take the 
2 -amp or 5-amp plug tops. This can be done with an existing 
make or flat-pin plug; it should be possible to design an adjustable 
type .of round pin fulfilling the same purpose. Further, if the 
15-amp plug tops can take a 5-amp or 2-amp plug top, then each 
point becomes in effect a sub-distribution point. • • 

I do not favour a complete ring in each room; it is preferable 
to break the ring on either side of the chimney. One circuit for 
each ordinary room fed through a 15-amp fuse or breaker from 
a central distribution point with an additional circuit for lighting 
on each floor, an additional circuit for a water heater, and a 
separate circuit for a cooker, would meet requirements. f 

I agree with the principle of fixing sockets in skirtings indicated 
in Section 5.0.1, but I am not sure that the means suggested by 
the authors are the best. A skirting front board, which could be 
cut to take sockets, could be easily and cheaply produfce$. # 

With regard to new insulating materials and gables referred to 
in Section 5.0.4, what are the potentialities of p.v.c. cables? 
Can they be made vermin proof? If they can, their use in pre¬ 
pared ducts will be a practical proposition. 
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On the whole, the suggestions made by the authors of Part 2 
are in general outline similar to those sent forward from this 
area tcf the Installations Section Committee. The differences are 
mainly in,detail. 

Mr. J. H. Napper: There are three main points in favour of 
pre-fabricated houses. If 4 000 000 houses are to be built in 
the future, they must be planned properly as communities, they 
must be larger houses, and they must have better services. The 
paper mentions a floor area of 600-800 ft 2 , but if we are to 
have better houses they must be bigger. Houses must also be 
provided at an economic rent, which affects the cost. In my 
opinion, these three aims can be attained only by means of pre¬ 
fabrication. 

In regard to standardization and pre-fabrication there is much 
loose thinking. The paper makes an important suggestion in 
urging the need for collaboration between all those now engaged 
in this planning, but it does not go far enough. If the cost of a 
house is about £500 we shall spend £2 000000 000 in 10 years, 
which calls for some sort of research beforehand. It would 
not be unreasonable to expect the Government to spend 
£10 000 000 for such research before the second phase of the 
housing programme starts. 

Mr. R. W. Gregory: I like the simplified arrangement of the 
wiring installation suggested in Part 1. The proposal to use a. 
ring main a«d 10-amp socket-outlets with plugs properly fused 
to protect the connected apparatus is sound, but I am not con¬ 
vinced that grip-joint light-gauge tubing is desirable for the 
system of wiring. The only advantage I can see in this method 
is that it is cheap. 

No mention is made of the possible use of cable of the mineral- 
junsulated, copper-clad type, at least for the ring mains and for 
the cooker unit. It is a safe system of wiring both electrically 
and mechanically; it is durable and can carry abnormal loads 
without danger either to its own insulation or to the structure. 
This makes it very desirable on all circuits where an increase in 
load is possible but difficult to assess at the time of installation. 

The modern tendency in an architect-designed house is to re¬ 
duce the need for portable furniture and to increase the use of 
fitments. The authors show this tendency in their design of a 
kitchen equipment in Fig. 1. Bedrooms and dining-rooms, are 
planned in the architect’s office, Cupboards, wardrobes, wash 
basins and bookcases are made part of the structure, and I think 
it reasonable to suggest that an architect who knows his job 
should 'have sufficient intelligence to fix the position of the 
necessary socket-outlets. There is no real need for the unlimited 
flexibility suggested by the authors. Although the authors sug¬ 
gest that outlet points are required every two or three feet round 
a living room, yet in the kitchen, where kettles, toasters, egg- 
beaters, washers and the many other gadgets displayed in the 
electricity showrooms are likely to be used, not an outlet is shown. 

I am glad the authors refer to the possibility of using small 
circuit-breakers, instead of fuses, on the main distribution cir¬ 
cuits. These breakers have many advantages, and I suggest that, 
if used on the combined intake and service panel shown in Fig. 1 
instead of the local fuses, the consumers’ main switch might 
reasonably be eliminated and the wiring on the panel greatly 
simplified. 

To my mind, the coal fire is a desirable luxury in lounge or 
living-rbom dufing the winter, almost a necessity in the kitchen 
of a family house, but an unmitigated nuisance in every other 
room. This nuisance is aggravated when the rooms are small. 
Electric^ space heating should appeal to any ordinary house- 
holder’s*pocket v^ienthe cost of 100 kWh is the same, or does not 
seriously exceed, that of 1 cwt of solid fuel. ; 

Mr. F. E. Heppenstall: There are two points with regard; to 
Wiring installations that require urgent attention, namely the 


standardization of plugs and sockets and the elimination of noise 
from tumbler switches. 

I do not like the arrangement of the combined intake and 
service panel in Fig. 3 which shows the connections from the 
main taken direct on to the switch. In my opinion the mains 
should be taken direct to the fuses, so that the supply can be 
cut off from all the equipment, including switch and meters, 
using the simplest piece of apparatus available, namely the fuse 
cut-out. This arrangement would also protect against faults on 
the main switch, an important point which the authors’ arrange¬ 
ment does not take into account. 

It is not clear how the authors propose to connect the ring 
main. Is it to be connected with fuses at either end, or with just 
one set of fuses? Two sets of fuses, both of which would have 
to be removed to make the ring main dead, might cause some 
confusion and danger to amateur electricians. 

The authors propose to use a main cartridge fuse apparently 
with fuse wire in the subsidiary fuses. They ignore the difficulty 
of getting discrimination between the two, forgetting that the 
cartridge fuse has a much shorter operating time. To get dis¬ 
crimination a cartridge fuse must have eight to ten times the 
current-carrying capacity of the wire fuse in series with it. If 
the lighting fuses are 5-amp, a 60-amp h.r.c. main fuse will be 
satisfactory, but where a power circuit with a 30-amp wire fuse 
is used a main cartridge fuse of about 240 amp rating would 
have to be adopted to get the necessary discrimination on faults. 
This is obviously out of the question. One type of fuse should 
be used throughout—cartridge fuses if they are necessary owing 
to the rupturing capacity of the system, otherwise wire fuses. 

Mr. W. A. A. Burgess: I should like to take advantage of this 
opportunity seriously to ask our architects to get down to 
design. If they want any assistance in designing circuits and 
various services they have only to ask competent engineers to 
help them. It is incumbent upon the architect, as a professional 
man, to design for all services, electricity, water and gas. The 
present haphazard system of tucking water, gas and electricity 
services in available crevices in the structure cannot be too 
strongly condemned. An architect should be able to design 
channels running to the proper places, so that the services can 
be preformed and lifted into place quickly. I can visualize a 
system in which it would be possible for a tradesman to’lift in 
pre-fabricated services at the rate of six houses per day. 

I think the mmeral-insulated, copper-clad type of cable men¬ 
tioned by Mr. Gregory is one of the most flexible of systems for 
pre-fabrication. 

It is probably far cheaper and equally efficient to provide a 
central refrigeration house and put in a cooled pipe in the correct 
place. 

In my opinion the services should be brought in at the back 
of the house and not at the front. Why should we have to go 
into cupboards and under stairs to get access in the dark when 
a fuse needs renewal? The back of the house is where the 
majority of the load is and where it can be dealt with properly. 
The electrical service should be brought into a suitable alcove, 
accessible from outside for service adjustments and meter 
readings. 

All fuses or other circuit-control devices must be guaranteed 
to carry their full rating continuously. My experience is that 
distribution fuses, in particular* are frequently installed which 
heat up long before the circuit is fully loaded and blow the fuses 
prematurely. I have had to refit completely two houses I have 
occupied for this reason. The tru^ solution both for reliability 
and convenience is,, I think, the circuit-breaker. 

Mr. G* H. Bidding {communicated ): To create a demand in the 
immedlate post-war period for all. the conveniences winch elec¬ 
tricity can provide in th^home, the electrical industry must take 
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energetic steps to educate the public in what it can have: and this 
can surely best be achieved by equipping the new houses on what 
may now be regarded as a very lavish scale. I would commend 
all that is advocated in this direction in Part 2, whilst suggesting 
that adequate scope be allowed for providing many services not 
yet conceived. 

Outlet-sockets and fuses should be designed for maximum 
convenience; a fuse at each socket would appear to be one ideal— 
perhaps a cheap, small, glass cartridge-fuse. Skirting mouldings 
might be designed with knockouts for the insertion of a socket 
unit at almost any point. If 10-amp plugs are standardized a 
special small type for clocks would be necessary. 

Present meter boards are certainly a poor advertisement for the 
electrical services of the home. Why not provide an attractive 
central panel in a suitable part of the house, carrying the meter, 


main switches, fuses (or circuit breakers)—with a space for the 
gas meter as well? 

The various “kitchen units” which have been designed Appear 
excellent from the technician’s viewpoint rather than from that 
of the user, for they all lack the essential requirements of 
convenience to use and adequate space. In this direction, 
I suggest standardizing suitable unit apparatus (including 
plain bench units) which could be fitted together as re¬ 
quired. Coal fires must ultimately disappear—and with them 
the attendant complications in house construction—but their 
existence might be prolonged if a practical small automatic stove 
could be evolved having a convenience and efficiency approaching 
that of the power-house furnace. 

[The authors’ replies to this discussion will be found on 
pages 431 and 432.] 


NORTH MIDLAND CENTRE, AT LEEDS, 23RD NOVEMBER, 1943 


Mr. J. G. Craven: In Part 1 the authors have hit the nail fairly 
and squarely on the head in urging the adoption of a standard 
service and its mode of installation. This item is outside the 
control of the installation engineer or electrical contractor, and 
anyone connected with this section of the industry is very con¬ 
scious of some bad examples of domestic services, as regards 
position, arrangement of meters, and a complete lack of neatness 
in the wiring between services cut-outs, meters, and consumers’ 
main switches. 

I can see no difficulty in standardizing service panels to meet 
all types of domestic loads and tariffs as shown in Fig. 3, but I 
strongly advise that if the supply authorities’ fuse in the sealed 
chamber is to be of the h.r.c. type, then the circuits should be 
similarly protected, or circuit-breakers installed, as, owing to the 
discriminating qualities of the h.r.c. fuse, and its rapidity of action 
under fault conditions, a very high-capacity main fuse is necessary 
if the circuit fuses are to be of the re-wirable type. I believe a 
certain London supply authority which adopted the h.r.c. fuse 
some few years ago in their services found much trouble from 
stoppages of supply to domestic consumers, due to the inherent 
non-discriminating qualities of the re-wirable fuse. 

I agree with Section 2 of Part 1 that it will not be possible to 
persuade Government planning departments or housing authori¬ 
ties to build all-electric houses in the strict sense of the word, 
but the first consideration should be to educate architects and 
house planners, and to allow as soon as possible a greater per¬ 
centage of the total cost of the house for the electrical installation, 
so that the use of electricity can be expanded for domestic pur¬ 
poses. Parsimony with regard to domestic installations in the 
past, and the almost entire lack of facilities for extending them, 
except by the “twin-flexible type of amateur electrician,” have 
definitely prevented the use of many domestic appliances in the 
small house under consideration. 

From the figures given in Section 13 referring to the con¬ 
ventional and the new proposals, I calculate that the pre-war in¬ 
stallation of twelve lighting points, five sockets, and the conduit 
for the cooker will cost about £10. Is this figure correct, as I 
cannot see how similar flats are to be wired taking into con¬ 
sideration the 20 per cent higher figure of £12 to cover 24 points, 
that is 12 lighting points, 12 plug points, the cooker and the water 
heater? The average length of run per point will of course be 
low, but this will not proportionately reduce the labour costs; 
there are constant items of expenditure whether the average run 
is long of short. " 

I like the arrangement of the totchen equipment in Fig. 1, except 
that ( the food cupboard should be away from the water heater ; 
unless the latter is very efficiently lagged, the cupboard will 
not be as cool as one would like for food storage. The 


foot space under the sink and cooker is excellent and of course 
essential. • 

The mention of pre-fabricated houses is particularly interesting. 
Do the authors visualize the electrical installation moulded into 
the house fabric at the factory, and then connected up by un¬ 
skilled labour after the component parts are assembled on the 
building site? If plastic construction is feasible for the mass 
production of thousands of houses, then a moulded-in electrical 
installation is probably a practical commercial proposition. 

In Section 4.3.4, do the authors mean a switch-socket and plug, 
or a socket and plug only? Whilst I agree that a 5-amp B.S. 
socket and plug will carry a current of 12-15 amp, the average 
switch combined in a 5-amp socket and plug will certainty not, # 
and if 5-amp switch-sockets and plugs are used for 2-kW radiators 
taking 8-10 amp, trouble will probably be met with in switch 
failures. If the authors intend socket and plug outlets without 
switches, do they suggest that the plug will have to be removed 
to switch off the accessory connected, as it is a common practice 
with multi-element radiators for one element to be controlled by 
the switch-socket and plug to ensure that the flexible cannot be 
left live? 

Will the authors explain what they mean in Section 5.0.6 by 
stating that “quick make and slow break” switches pay no regard 
to the essential qualities of alternating current? The only trouble 
I have experienced with this type of switch on alternating current 
has been entirely mechanical, usually due to broken springs. 

Do the authors consider there is any possibility of fluorescent 
panels, mentioned in Section 5.0.7, being manufactured on the 
lines of Triplex glass with the fluorescent powder ^deposited 
between the laminations? I presume experiments have been < 
made on these lines, but the area that could be illuminated by 
the ultra-violet light source might cause some difficulty. Also, 
does the u.v. radiation follow the inverse-square law, and is an 
anodized-aluminium reflector the best means of reflecting this 
type of radiation? 

Colour is also mentioned 1 in Section 5.0.7. I am sure the 
colour question will be very important in post-war housing. It 
is generally agreed that the 5ft fluorescent lamp, as we know it 
in this country, gives a very cold light, and I cannot see it being 
adopted after the war for domestic lighting purposes. I believe 
this type of lamp will be available in five different colour? after 
the war with a length as low as 1 ft. i i 

The colour of accessories is also important The electrical 
manufacturers can take credit for having introduced^ quite 
pleasant colour schemes into their accessories, # and. electo? 
and cookers. * 

Mr. A. Kelso: The universal sockets mentioned in Section? of 
the first paper, are to my naind, a step in the wrong directicmi 
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By all means have? fused plugs, but keep to an existing standard 
size. 

Despite the good results of tests of 5-amp plugs reported in 
Section 4*3.4 of Part 2, where with 100 per cent overload the 
millivolt drop was about 30 as against 50 allowed in B.S. specifi¬ 
cations for five types, I still think that the plug is not sufficient 
for the houses under review. There are hundreds of thousands 
of 15-amp plugs in use in this country; any change in size will 
lead to confusion. What is the advantage of the proposed 
10 -amp size over the existing 15-amp one? It might be slightly 
cheaper depending on the demand, but by using the 15-amp size 
the additional output would probably bring the price down to 
that of the 10 amp. 

I hope a British Standard specification for flat-pin plugs will 
never be issued, especially for power and heating. Let us stick 
to the. standards we have. After the last war the lack of stan¬ 
dardization led to great inconvenience; the advent of British 
Standards helped to overcome it, although it naturally takes a 
long time for “odd” sizes to disappear. Interchangeability of 
components is at the moment under discussion between manu¬ 
facturers and supply associations. All these have one point in 
common, namely standardization which will give obvious 
benefits to everyone. 

Regarding grip-joint light-gauge conduit having an advantage 
over screwed conduit, my experience is that its only advantage is 
its quicker installation. I believe in making the earth conductor 
as reliable as the current-carrying parts, and as we usually make 
the conduit the earth conductor low resistance joints are neces¬ 
sary. Grip joints are usually satisfactory when installed, but 
in time the resistance increases more quickly than with other 
jtypes.* 

Anent Section 15 of Part 1, the arrangement of the house 
service cut-out, meters, and the main switches, is generally an 
eyesore and by far the worst part of the electrical installation. 
In this area, the supply industry has approved a house-service unit 
incorporating those pieces of apparatus which will be adopted 
when normal times return. This unit is the result of a joint 
effort by engineers from many undertakings. 

I suggest that h.r.c. fuses should be made for standard ratings 
of 5, 15, 30, 60 and 100 amp. The 5- or 15-amp sizes could be 
incorporated in the plugs. 

The multipart-tariff prepayment meter can now be eliminated. 
I suggest that the fixed-charge portion of the two-part tariff could 
readily be collected with the usual house rent, and a straight pre¬ 
payment meter used fbr collecting the unit charge. One under¬ 
taking with a large number of small domestic consumers collects 
not only tjhis fixed charge, but also apparatus hire-charges and 
hire-purchase with the rent; the scheme is to be extended after 
the war. 

While I favour a heavy main feeding a number of socket- 
outlets, I would rather see conductors run in conduit and passed 
through raetal boxes where they could be bared and clamped, 
without cutting, to the terminals of a socket-outlet. In Fig. 3 
the combined intake and service panel has circuit breakers as 
an alternative to circuit fuses. This has many points in its 
favour, but the breakers may be called upon to perform a very 
severe duty in the event of a fault in the wiring. 

Mr. L. Raven: I feel that Part 1 is too pessimistic regarding 
electribal development and I should like to see a little more of 
the spirit of Part 2 incorporated in Part 1, 

The tone of the first paragraph of Section 3 of Part 1 is too 
faint-hearted. The authors do not realize that emphasis has been 
put ift this country on the use of current-using devices, because 
supply ifiadertakings want to sell electricity. The small current- 
using devices have not needed much sales effort, and have been 
sold in large numbers. I seriously dispute the statement that 


any woman who has used an electric washing-machine would 
rather have it than a new cooker. 

With regard to cooker wiring, I should like to emphasize the 
desirability of making adequate provision for supplying a cooker 
in every house after the war. If a suitable circuit is taken to 
the kitchen, it can be used for other purposes even if gas is used 
for cooking. 

I support the continuance of one standard of plug and socket, 
the existing British Standard, and suggest that the present 
15-amp socket should be used for all new points, appliances to 
be fitted with suitably-fused plug tops. 

The grip-conduit system of wiring advocated by the authors 
of Part 1 certainly provides a cheap and efficient form of pro¬ 
tection, but I am not at all happy about its use for earthing. All 
points that need earthing should be supplied with earth wires, 
and points that do not require earthing should not have earth 
connections of any kind. 

Existing service connections have been criticized by one or two 
speakers. The usual untidiness at service points is not al¬ 
together the fault of the supply undertakings, and in recent 
months they have shown a very laudable desire to improve 
matters. 

Part 2 answers some of the criticisms I have made of Part 1, 
particularly regarding the use of conduit. I hope the electrical 
industry will not take the title of Section 2 too literally and con¬ 
sider it represents too distant a future. 

A word of warning should be given with regard to the kitchen 
layout in Fig. 1. The cooker needs to be easily removable for 
replacement, as it is the most abused of all electrical appliances, 
I do not like the position of the cold-water cistern over the 
cooker, and if we are to have planned kitchens the oven should 
be fixed at a higher level and fitted with a drop door. 

Have the authors any further information on the possible pro¬ 
duction of small circuit breakers with adequate rupturing capa¬ 
cities to deal with the heavy faults likely under the conditions 
that will be created if electrical development proceeds on the 
lines they anticipate? 

Mr. H. Moss: The electrical engineer cannot enter any of the 
new houses until they are built. Until some houses are built or 
specifications got out, I fail to see how any electrical man can 
design installations to be built into them. * If there is goint to be 
a considerable change from pre-war methods and materials 
which will warrant a redesigning of the electrical installations, 
then new methods may be adopted, but are they going to be im¬ 
mediate as the authors suggest? Personally, I cannot see that 
this will be so. 

Although The Institution has issued wiring rules which have 
been accepted by many, others, including supply authorities, 
either ignore them and will allow anything to be put in, or they 
follow their own ideas. How will these rules function when 
many new ideas are introduced? It is time, in my opinion, for 
rules to be drawn up by the Wiring Regulations Committee of 
The Institution, for supply authorities, municipal authorities and 
companies, to accept them as a whole. 

Mr. Craven raised a point of vital importance in asking 
whether the plugs or socket-outlets are switch-controlled, or are 
sockets and plugs only? I have tried for some years to arrive 
at a fool-proof installation, and I believe if it is to be realised 
the switch-controlled socket-outlet, preferably of the inter¬ 
locking type, must be used. 

I disagree on the adoption of a 10-amp plug. Some are still 
in use to-day that were installed thirty years* ago, in spite of 
standardization. I think the standardized 15-amp and 5-amp 
sizes are sufficient for all domestic requirements. If we can 
afford to put a 10-amp plug in a house, we can afford to put in 
a. 15-amp. There ^vill not be much difference in cost. 
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I have always maintained that in small houses a very good and No one has mentioned the difficulties associated with the barrel 
higtily afficient. installation can be obtained with light-gauge tubing type of terminal fitted to most electrical accessories. It has to 
and grip fittings. As to whether it should be a brazed or close- some extent disappeared, and it would be a good thingfin my 
joint installation is a moot point. I know installations with close- opinion, if it were replaced altogether by a terminal of better desip. 
joint tubing that have been in use for thirty years and are still Mr. K. C. Coop: Regarding the suggestions that water heating 
giving very satisfactory service. I think we could omit the in conjunction with boiler heating should be encouraged during • 
brazing, as this raises the cost of the tubing to that of heavy- the summer, and that the switches should be sealed off during the 
gauge welded. Close-jqint tubing can be made into a satis- winter months, I feel that such obvious restrictions on consumers 
factory job because when once installed it is permanent, it is would not be welcomed and would not benefit the electrical 
secure and cannot, as a rule, be tampered with. industry as a whole. 

Dr. E. C. Walton: I agree with the authors that the present In Section 3 of Part 2 are not the figures for power and heating 
type of tumbler-switch was not designed primarily for a.c. work, at 1-5 watts/ft 3 and for lighting at 3 watts/ftf dangerous? Is 
The long break we get in that class of switch was intended for it wise to generalize when, as regards room heating, there are such 
direct current. This long break isquite unnecessary if we consider variable factors as exposure to the elements, type of building and 
the various types of thermostatic switch which operate quite satis- method of heating? On this point, are we to assume that the 
factorily. I am quite sure that suitable switches could be present form of radiator with its very localized effect will not 
designed on these lines which would take up a lot less space give place to new and improved methods of heating? As for 
than the present tumbler-switches. lighting, it is not stated whether the figure of 3 watts/ft2 refers to 

I had hoped to hear something on single-pole fusing. What direct or indirect lighting, and no mention is made of the colour 
will happen if a neutral conductor, which is never precisely at and surface texture of the surrounding walls. I should hesitate to 
earth potential, comes in contact with the “earthed” tubing? give definite figures; each case should be treated on its own merits. 
Much leakage will occur at that point. 

In the kitchen diagram the water-heater should preferably be [The authors’ replies to this discussion will be found on 
on the same side as the oven rather than on the refrigerator side, pages 431 and 432.] 

<7 

SCOTTISH CENTRE, AT EDINBURGH, 12XH JANUARY, 1944 

Mr. H. M. Speirs: With the possible building of four million hospital pattern, when there would not be space at the back for 
houses in the next ten years some form of pre-fabrication for conductors as envisaged by the authors. 

electrical installations seems called for, in preference to the type I suggest that the authors consider the possibility of^ using 
of installation indicated in the paper. I have worked out that, mineral-insulated cable, which would provide adequate me-^ 
for the type of installation advocated, about 9 000 operatives chanical protection and also give good continuity for earth- 

would be required for ten years, i.e. about half of the available return currents. If the houses were standardized, such cable could 

personnel in the contracting industry. This would cause a be made in pre-fabricated lengths with a plug at each end to 

shortage of labour for many years to come, as* existing houses engage the sockets in all switches and fittings. Pre-fabricated 

have still to be dealt with, while works and other commercial wiring of this type could be installed in about half the time 

buildings will require renewals and re-equipment. These facts taken for the conduit installation described. One socket-outlet 

should be kept in mind and some form of pre-fabrication adopted per room might be provided, and additions could be made by 

so as to reduce the demand on labour. pre-fabricated lengths of mineral-insulated cable laid in a suitable 

In Part 1, there are no details to act as a guide if the installa- groove in the cove. At each socket-outlet position a single-pole 
tions described are to be specified for houses in the immediate circuit-breaker should be provided. I cannot agree that a non¬ 
future. Cost figures are not directly indicated; the sum allowed controlled socket-outlet is satisfactory, as children insert hair- 

for the installation as specified is apparently about £12, i.e. pins, etc., into the live sockets, often with disastrous results. 

9s. 2d. per point. As the cost of fitting an additional socket is I favour the idea of a ring main, but feel that both ends of the 
stated at 6s., the allowance seems rather on the moderate side, ring should be brought back to the distribution board, and each 
I do not agree that the relative costs with screwed conduit are controlled by a fuse or circuit-breaker, 
unfavourable, when the additional supervision necessary for slip- The suggestion in Part 2 of distributed fuse protection does 
joint conduit is taken into account. In Glasgow and Edinburgh not seem advisable. Grouping of fuse protection facilitates 
the use of slip-joint conduit is not permitted. Casting concrete fault location and is to be recommended, 
on to pre-erected conduit seems a retrograde step, because ex- The design of installations for larger houses can be left safely 
perience shows that interaction with the acid of the cement in the hands of consulting engineers and contractors, as the in- 
occurs, causing corrosion of the conduit and damaging the cable, stallations in such buildings have in the past been reasonably 
Socket-outlets in the ceiling suitable for lighting points do not satisfactory, 
seem advisable. Many years ago a similar system was adopted The registration of operatives seems essential if the quality of 
for office lighting, socket-outlets being provided round the picture electrical installation work has to be maintained. This, however, 
moulding. is a matter of policy. 

If the installation design under consideration has to be limited Mr. P. d’E. Stowell: The main theme of both parts of this 
to small houses of four rooms as indicated in the paper, then pre- Paper is the laudable suggestion -that a house should be erected 
fabrication, making allowance for safety factors, should be as a functional entity having regard to the work which"will be 

adopted in some suitable form. . done in it. In this case, the facilities available are at least at 

For lighting, the allowance of 3 watts/ft 2 seems more than ade- important as the structure itself, and of all the services, adequate 

quate. For the average room, two 100-watt, to be electricalto essential, electricity being the .only 

sufficient and these might be permanently fixed-■ ini' -tb^;.£banaa/'of;^ ..stovio© which can do practically everything. There seems to be 
semi-recessed lay-lights. evety justificatioii, therefore, for making the constructional 

Moulding of conductors in the skirting boards is hovel, but features of the building subservient, where necessary, to the 

women might want to replai^ skirting boards by coves of the needs of these services, as is suggested in Part 2. ' 
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I am particularly interested in the improvement of service 
arrangements. In Edinburgh, we have already developed a neat 
and compact all-enclosed service arrangement for the larger con¬ 
sumers, and a number of these units are now installed. A cor¬ 
responding unit for domestic purposes is very much to be desired, 
but would inevitably need mass-production methods and more 
standardization than can be achieved by a single undertaking. 

The two Parts of the paper do not agree as to the number of 
outgoing circuits required. Is it really necessary to provide at 
least two lighting circuits in small houses, as suggested in Part 2? 

Separate circuits are also suggested for the water-heater and 
cooker for which one circuit would appear quite adequate if the 
water-heater were installed close to the kitchen, as it should be to 
reduce heat losses from pipes where the consumption of hot water 
is greatest. In some areas, the water-heater and cooker are 
already interconnected, so that both cannot be used simulta¬ 
neously; this has the merit of guaranteeing 100 per cent diversity. 

Plug-in meters. should be seriously considered, not only to 
facilitate installation and changing of meters, but also the testing 
of meters. 

The 0-1)225,2-core service cable suggested in Part 1 has been 
standard in this city for some years, and is the only size of 
2-core cable used for single-consumer premises. It has also 
been the practice of the electricity department to run rising 
mains in §11 blocks of flats. 

Now that slow-break switches and even micro-gap switches 
are favoured for alternating current, could not a combined 
switch and socket be designed, in which the plug was turned 
through, say, a right angle after insertion to operate the switch? 

Mr. J. F. Field: Regarding the advantages of light welded 
tubmg with slip-on fittings, I should like to mention two recent 
* experiences with screwed conduit. In the first, I was investigating 
the possibility of extending the wiring in my own home. The 
first piece of screwed conduit I found under the floor fitted very 
badly. The tube adjacent to a running coupling had no thread 
worth mentioning to hold the coupling in position, the thread 
probably having been stripped off by unskilled labour in screwing 
the ends. The earth continuity of the tubing was bound to be 
fortuitous, and supports the authors’ contention that, on the 
average, light welded tubing with slip-on fittings gives better earth 
continuity tests than screwed conduit. On another occasion 
recently I noticed a wireman screwing the ends of some lin con¬ 
duit in a straight run, and was puzzled to know why the ends 
should have been re-screwed at all, since they already had an ex¬ 
cellent thread cut on them by the manufacturer. The re-screwed 
ends looked very bright; examination showed that the threads 
had been almost completely stripped off. The diestock con¬ 
tained half a lin die and half a -Jin die. Judging from the first 
incident, it would seem that this is not uncommon. I believe 
the authors deplore the use of any conduit at all; I would like to 
see something more effective before agreeing, but I have little 
doubt |hat their preference for welded light tubing with slip-on 
fittings aS against screwed conduit is sound. 

In the busbar installation system, I agree that placing the fuse 
on the plug of the appliance is excellent and enables a standard 
size of plug to be adopted irrespective of the size of fuse required 
to protect the particular appliance. The lighting system for the 
small house of the future is on a separate circuit; this seems to 
be*nimecess£ry. I suggest that the phase lead to each lighting 
point could be connected from the nearest point on the busbar 
direct to the lighting switch, a cartridge fuse being inserted above 
each lighting switch. This arrangement would ensure that any 
faulfr on the main busbar system plus the phase leads to the 
individual lighting switches would be cleared by the main fuses 
for the house, and that any fault on the lighting switch or on the 
. fighting circuit beyond it would be cleared by - the individual 
Vol. 91, Part II. , : 


cartridge fuse above each lighting switch. In effect, this method 
amounts to the same thing as putting a properly-graded fuse in 
the plug of each appliance. A lighting fuse failure would then 
be very easy to locate. 

The suggestion that the existing 5-amp B.S.I. plug should be 
up-rated to 10 amp appears to be excellent, and I suggest it might 
even be up-rated to 11 amp, thus covering a 2-J-kW fire at 
230 volts. 

Mr. W. Duncan: Shortly after the’last war, when large-scale 
provision of working-class houses was undertaken by muni¬ 
cipalities, installations were provided for lighting purposes only. 
Since then, owing to pressure from various sources, the position 
has been slightly improved. In this city, two socket-outlets, are 
allowed, one in the living-room and the other in the bedroom, 
which has no other meatis of heating. One light only is per¬ 
mitted in each room, so that the complete installation in a four- 
room house consists of seven lighting points and two socket- 
outlets. In 1938, the cost of the electrical installation in this 
size of house was about li% of the total cost of the house. If 
this figure could be increased a much better installation could be 
provided, but with building costs as they are, every possible 
economy will be exercised and this will not be confined to the 
electrical installation only. 

I do not think that the introduction of the proposed new 
universal socket is necessary. In the paper, it is admitted that 
only one point is required in each room for heating purpose^ 
and that there is no difficulty in deciding on the position. If this 
is so, why should we not retain the present 15-amp, 3-pin socket 
for the heating point and install the present standard 5-amp, 3-pin 
socket for all the other points in the room? The 5-amp socket- 
outlets will be suitable for any appliances except the fire, and the 
15-amp socket-outlet will permit the consumer to use any size 
of fire that is desired. In this area, we have connected just over 
60 000 new domestic consumers in the last twelve years, and 
the socket-outlets installed have all been of standard 5-amp and 
15-amp, 3-pin types. The introduction of still another standard 
socket-outlet, as suggested, will only increase the annoyance and' 
confusion already caused by the use of different sizes of sockets 
just at the time when we are beginning to benefit by the changes 
which have been made. 

Rising mains in flats should be provided by the supply under¬ 
taking. A consumer in a suburban area is generally provided 
with a free service cable up to a certain length, and it is surely 
illogical that the same facility should be denied to another con¬ 
sumer simply because his “house” happens to be built over 
another one. 

The provision of conductors fyehind room skirtings which can 
be tapped at any point seems to be met by the use of mineral- 
insulated cable, which is smaller in diameter than a pipe con¬ 
taining cables of similar capacity and can be recessed into the 
straps to which the skirting board is fixed. If builders and 
architects would arrange for fixing skirting boards with screw 
nails instead of driving nails as at present, this small detail would 
be of great advantage from the installation standpoint and also 
when extensions or repairs were carried out later. 

Mr. A. F. Stevenson: I had hoped for a more revolutionary 
paper, as I think that wiring has stagnated. The single-pole 
switch is dangerous as it is very often on the neutral wire,; this 
has caused fatal accidents. Double-pole switches would prevent 
this and enable alterations and extensions to' be made much more 
readily. I favour the ring main. 

Mr. D. W; Low: In Parti I do not agree with the statement 
that a solid fuel system combined with an immersion heater is 
probably the ideal system. The fitting of an immersion heater 
in an existing house is admissible. But in the new houses, the 
proper type of heater is one designed from the electrical and 
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installation point of view with a connection suitable for piping 
to the coal fire boiler, if desired. The size of heater that should 
bp fitted into the new houses is one with a capacity of not less 
than 20 gallons; the loading does not need to exceed 3 kW. 

The authors suggest that to reduce the peak in the winter 
months the switch should be sealed against use. My view is that 
after the war to keep water heating off the peak, ripple 
control will become universal. There are several systems 


of ripple control, one of which has been used yery successfully 
in Yorkshire. It has the advantage of being selective—at a peak 
load a signal is given and cuts out the water heaters which are 
up to temperature. If the cutting-out of the heaters is not suffi¬ 
cient to bring the load down, another signal goes out arfd so on 
until all the heaters are cut off. 

[The authors’ replies to this discussion will be found on 
pages 431 and 432.] 


SHEFFIELD SUB-CENTRE, 19TH JANUARY, 1944 


Mr. H. Wheeler: As a member of the Electrical Contractors’ 
Association, I am very interested in post-war planning. Part 1 
of the paper is very modest, yet if 10-amp plugs are made 
standard for all purposes, what will happen to the millions of 
15-amp sockets in use in this country, carrying as they do, the 
sanction of the B.S.I.? The ring main is a very sound argument 
properly applied, but when the authors suggest wiring for, and 
completing, 12 lights, 12 socket-outlets and conduit for cooker 
and water heater, at a cost of £10-12, their figures appear to 
have become rather mixed. I do not agree with flexing-out. 

Part 2 suggests that a house should be built round its require¬ 
ments. This is very good in theory, but has many pitfalls in 
practice. 

The scarcity of rubber is likely to be acute for some consider¬ 
able time, and anticipating this, the C.M.A. has introduced a 
substitute, polyvinyl chloride thermoplastic compound, costing 
30-50% more than the material it replaces. 

The plastic skirting board with hidden conductors does not 
remove my difficulty. I am looking for a means of connection 
that will obviate the necessity of crawling on hands and knees, 
only to find that the furniture has been moved and all outlets 
have been covered up. 

Mr. W. G. Davies: First, I should like to thank you for your 
kind invitation to be present at this meeting which in dealing 
with post-war housing is a matter of profound interest to me. 
As City Architect of Sheffield, I shall be responsible for a large 
post-war housing programme of at least 20 000 houses, and for 
this reason, the paper is of considerable value and interest. 

At the end of the paper, there are some candid remarks, indi¬ 
cating that the ordinary architect is not sufficiently advanced in 
electrical technique to produce the necessary designs. I agree 
with this; my remedy is to obtain the advice of a specialist. 
The post-war building programme will give work to every section 
of the building industry, with a wide scope for improved methods 
of design and operation, and the utilization of the new materials 
to be developed after the war. I understand the electrical in¬ 
dustry is the youngest body connected with building, and that 
there has been more progress and improvement in this industry 
than in any other section. 

Reading this paper, however, it is quite evident there are ample 
fields for further improvement. Some of the suggestions appear 
rather fantastic to-day, but these advanced views are just those 
which must be considered for the future.. The outstanding item 
which appeals to me is the suggested standardization of details 
of fittings and equipment; this must mean economy, safety, and 
greater facilities for the users of this equipment. Standardization 
of electrical components appears to be a real necessity, for there 
must be hundreds of types of plugs, switches, wiring, etc., in 
use. ^ - v " ■ ' . 

Another point requiring attention is the layout of such in¬ 
stallations. 'This should provide for the maximum amount of 
electrical equipment likely to be embodied in a house, so as to 
avoid the difficulties arising when additional fittings are required, 
possibly in a short period after the house has been erected, such 
as a heater or cooker. Is the ring-main system the solution to 


these difficulties, and will it offer economies in the provision of 

additional fittings? . . 

All these problems will have to be dealt with in post-war houses 
which may be constructed of pre-fabricated units, possibly with 
new materials, the complications in the use of which are difficult 
to define at present. It is evident that there will have to be a 
complete revision of all the old ideas. ( • 

One other suggestion—it is evident that collaboration is re¬ 
quired between all interested industries, with meetings to discuss 
the various matters of mutual interest, the results being embodied 
in plans and specifications. . 

Mr. A. Haddock: I agree with the authors’ suggestion that the 
appearance and location of house service equipment must be 
improved. I disagree with the proposals to combine supply 
authority’s and consumer’s equipment.. Installations never 
reach finality, so that changes are inevitable and even desirable. 
It is most undesirable that, when the consumer wishes to alter 
his installation, he should be involved in the possible replacement 
of the supply authority’s house service equipment as well. I 
welcome the suggestion that a main switch should be provided 
by the supply authority. Sheffield has always done so. 

I consider it better to bring the incoming service cable first to 
the fuse or cut-out, rather than to the switch. The switch re¬ 
quires most attention, and it is an advantage if a maintenance 
man servicing a faulty switch can make the switch dead by with¬ 
drawing the fuse. 

The authors refer to the likelihood of more multi-tariff pre¬ 
payment meters being used. These meters usually collect the 
fixed charge by means of an electrically-driven continuously- 
running clock. With the combined unit designed by the authors, 
the meter can be made dead by opening the switch, thus stopping 
collection of the fixed charge during periods when the supply is 
not used. Sheffield has used these meters to collect arrears, and 
has developed a design of service unit to overcome this difficulty. 
I prefer that the unit should be made of metal, as plastic com¬ 
positions are not yet strong enough to withstand the ill-treatment 
to which the unit is exposed, 

Sheffield has evolved a combined cable-sealing end, main fuse, 
and main switch in cast iron. The connections are: (1) service 
cable to fuse, (2) fuse, underneath the switch, to meter, (3) meter 
to switch, and (4) switch to consumer’s distribution board. The 
wiring to the distribution board leaves the unit at either side near 
the top, either through a bushed hole or by a direct conduit con¬ 
nection. The meter fits close to the top of the unit, and the 
connections are covered by a shroud which is a part of the unit. 
There are no exposed connections. 

I doubt the advisability of up-rating the 5-amp plug to 10-amp, 
and prefer a standard 15-amp socket with fused plug heads# * 

Mrs. C. J. Keep: As Chairman of the Sheffield Branch of the 
Electrical Association for Women, I am very grateful for the 
opportunity of taking part in this discussion concerning the post¬ 
war planning of houses from a woman’s point of view. * * . 

It is disappointing that the paper does pot pro\Sde for an a**” 
electric house. The E.A.W, make it one of their slogans, and 
% young W6m6n now using up-to-date electrical apparatus in 
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factories have a fight to expect modern electrical equipment in 
their houses after the war. Can it not be produced just as 
econolnically as putting in expensive fire-places and cookers? 

Plugs are a very controversial point. It is ridiculous to have 
all the plugs on the skirting board, and I disagree with the authors’ 
suggestion that the plugs should not be fused. I think it would 
be much safer to have plugs fused. They should also be of the 
interlocking type. 

An important and essential need for cooking is a quicker boiling 
ring. Some manufacturers provide one, but only one per stove. 
In the Bradford engineers’ planned kitchen, the hot-plates and 
grill are separate from the oven. This seems to be an excellent 
idea. I would also suggest more boiling rings, perhaps smaller 
in size, but of high power. A large number of people consider 
electric heating and cooking too slow. I think all cookers 
should be thermostatically controlled. 

After the war, we are going to be concerned with homes, and 
I hope families, with adequate kitchen arrangements and suffi¬ 
cient space for a refrigerator and a washer. It does not matter 
if these are standardized. I think most electrical equipment 
could be simplified and made more fool-proof. The average 
person does not seem at present to be really electrically-minded. 
Cut-out devices should be used on all equipment wherever possible. 

I must postulate that the standard cooker, washer and re¬ 
frigerator be supplied at very low prices. This is absolutely 
essential for working-class women, and I do ask you all to use 
your influence to bring these essentials within the reach of the 
lower incomes. 

Mr. G. W. Randell: The desire to cheapen installation work is 
readily appreciated, and any electrical work required in the house- 

, hold in planning for the future, if regarded as a real necessity, 
should, as such, command a good price. However simple the 
wiring may be, simplicity would certainly tend to speed up the 
installation and thereby cheapen it; but at the same time, there 
is a serious risk that the work will be carried out by anyone 
without regard to good workmanship. This is the all-important 
factor in any installation work, and unless attention is directed 
to it, the industry will drop to a low level, and we shall find a 
plumber and gas fitter established as a “plumbtrician.” 

Another important point to be considered is in connection 

• with the training of youths; with the simplification of wiring, 
interest flags because craftsmanship is eliminated. 

Mr. H. Riley: There is one point I should like to touch upon, 
which no one has mentioned. The technical committee, advising 
the Board of Trade and other Government Departments, has put 
forward some very good suggestions. It. suggests built-ih re¬ 
frigerators and cookers for 4 million houses, at a very low price. 

* How would these be distributed and to what class of house, and 
who would service them? The general impression is that the 
contractor and distributor will both be cut out, and the con¬ 
tractor,-who did not supply the item, will not service it. The 
built-in Refrigerator or cooker is the most difficult of all to 
service, and I am anxious to find out what the authors have 
decided will be the outcome of this particular problem. The 
Electrical Contractors’ Association, with a market of 4 million of 
each item, possibly totalling some £98 million in value, and distri- 

* bution opportunities taken from them, will want to know who is 
going to pay, if called upon to service these components. 

pother point is on the question of sockets. The Technical 
Committee will probably recommend a flat-pin plug. Some circles 
believe that there will then be a very grave danger that American- 
and German-sponsored firms, who already use flat-pin plugs and 
sockets, will tr^ to dump their surplus products in this country. 

The* average person, being unable to get service at night, re¬ 
places fuses with any fuse wire, and so allows the value of the 
.ifuse to disappear overnight. 


Mr. R. H. Coates: In Part 2, the authors state that the casing 
and capping systems had been superseded by the end of the last 
war. At the discussion on the paper in London, speakers 
criticized the specially-designed skirtings of Fig. 2 as a return to 
this outmoded form of installation. In Sheffield casing and 
capping has remained in use up to the present time. This 
supply undertaking has quite a large installation section, and in 
view of the authors’ opinions, I have discussed the matter^with 
our installation foremen, who combine 160 years of experience 
and have wired 28 000 estate houses and 60 000 slot-meter in- 
stallations, as well as other premises. Their opinion is that 
provided the houses are built of brick and wood joists, casing 
and capping is the best method available, while for houses 
built of concrete, steel conduit is preferred. 

It seems of particular significance to me that these men have 
on occasion to repair faults, not only on their own installations, 
but also on work by other contractors. They have had very 
much less trouble and repair work with casing and capping than 
•with other methods, and in one particular job, originally in¬ 
stalled in screwed steel tubing, the conditions were such that it 
quickly corroded and had to be replaced by casing and capping 
painted with white lead and varnished. 

The annual reports of the Home Office on “Electrical Accidents 
and their Causes” call attention to leakage currents and the un¬ 
fortunate results when the metal earth circuit is discontinuous 
or of high resistance. They indicate that a metal-clad job is 
very dangerous unless it is not only installed correctly, but also 
periodically checked for earth discontinuity. 

A large supply undertaking includes, in its normal day-to-day 
activities, the clearing of faults on domestic premises and the 
checking and approving of installations before connection; it is 
therefore in an unrivalled position to weigh up the merits of 
the different types of installation. We operate an inspection 
department entirely separate from our installation department, 
so that we are able find fault with our own work. 

Mr. J. W. Taylor: As an installation inspector of the Sheffield , 
Corporation, my duties cover all installations irrespective of who 
has wired them. I would be prepared to vouch for the advantages 
of capping and casing, as against conduit, etc. Wherq altera¬ 
tions are made in house installations which have existed for 
some years, my own experience of v.i.r. is that the state of pre¬ 
servation in capping and casing has been, extremely good, even 
after 30 years; the same cannot be said for conduit. 

I have inspected many buildings after a fire and cannot recall 
one instance where I could definitely place the blame on the 
capping and casing system. But with conduit and lead-covered 
cable I have found that broken continuity, faulty earthing and 
contact with gas piping are only a few of the potential fire risks. 

I suggest the authors include fire-proofing for all flexes. 

I feel some advance could be made if we forget the fuse, as 
we know it at present, and use something on the lines of a current 
limiter which could be reset by the consumer. I am drawn to 
this view by the current I.E.E. ruling of placing a fuse in the 
live wire only, for I feel the public are intelligent enough to with¬ 
draw the faulty apparatus and make a readjustment, thereby 
saving themselves and the department a lot of inconvenience. 
This arrangement was adopted some years ago in a Sheffield 
hospital and has proved successful. 

In view of the quality of labour employed, what would happen 
to this system with the present lax methods allowed in the com 
tracting industry? I think that before any new ideas ate 
considered, it should be compulsory for certified operatives and 
corifKU^rex 

[The authors’ replies to this discussion will be found on 
pages 431 and 432.] * 
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SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 23RD JANUARY, 1944 


Mr. C. J. O. Garrard: Agreement on methods of wiring houses 
pre-supposes agreement on the methods of heating to be em¬ 
ployed. All-electric water and space heating is for a long time 
likely to be. too expensive for the class of house the authors have 
in mind; also on a broader view it is wasteful of energy owing to 
cooling-water losses. The base of the domestic heating load 
should, I feel, be covered by the combustion of solid fuel, e.g. 
coal, or preferably briquetted coke, or gas, which should be a 
plentiful by-product of the efficient utilization of coal. The coal 
should be burnt in a boiler supplying hot water and central 
heating to the house; electricity should be used as a boost for 
either or both of these purposes. 

A suitable central-heating installation for a new 5-room house 
should not cost more than £40 including erection, assuming mass 
production of the apparatus; the cost in 1934 of a similar instal¬ 
lation was £45. A comparison of running charges shows that 
a central-heating system is not more expensive than the con¬ 
ventional methods of heating a small house. Its adoption would 
remove the necessity of allowing for such heavy electrical loads 
as the authors mention. Their statement about water heating 
lends support, I think, to my experience as to the economy of 
central heating. 

I agree with the authors on the relative values of a refrigerator 
and a washing machine; why do they show a refrigerator in 
Fig. 1, Part 2, but no washing machine? The one-piece kitchen 
fitting shown I regard with misgivings. It would be expensive 
(about £75), awkward to accommodate and in its remoter recesses 
impossible to keep clean. It should be replaced by standard 
units, e.g. sink, cooker, washing machine, cupboards, etc. 

With regard to design details of the components, the taps are 
too low; the cooker switches and if practicable the oven itself 
should be higher, and there should be one or two socket-outlets. 

The 15-amp 2- or 3-pin plug could be used universally; it would 
have a better cord-grip than smaller sizes. The suggestion of a 
continuous busbar round each room seems too liberal. A socket 
in each comer of each room would be enough; one should 
always be provided on the stairs for a vacuum cleaner. 

I agree that two or three automatic circuit-breakers would be 
preferable to the usual bank of fuses. 

The suggested lighting load of 3 watts/ft 2 would give a loading 
of 432 watts in a room 12 ft by 12 ft. This is about double that 
required with efficient fittings. 

Mr. A. J. Heelis: The Coventry undertaking has recently been 
equipping and wiring two experimental houses and in this con¬ 
nection has investigated the ring-main and the room-circuit 
systems of wiring. By “room circuit” is meant the running of 
one 15-amp circuit to each room to supply any number of socket- 
outlets on the assumption that the maximum load would never, 
under normal conditions, exceed 15-amp. A detailed comparison 
showed very little difference in the cost of the two systems. 

The room-circuit system was adopted because it offered ad¬ 
vantages over the ring-main. 15-amp socket-outlets were in¬ 
stalled throughout, approximately three to each room. The up- 
rating of the 5-amp socket-outlet to 10 amp, which has been 
advocated, was carefully considered, but it was decided that this 
would be a retrograde step in view of the trouble experienced 
in the undertaking’s area of supply, where 2-kW fires have been 
used on the 5-amp type. I believe that if the 15-amp B.S. 3-pin 
Were adopted as the standard socket-outlet, the reduction in price 
which would follow^ would remove the need for uprating or for 
new types. \ 

The periodical inspection of installations in public buildings 
indicates that grip-joint conduit is not nearly so good as screwed. 
Owing to finding poor electrical continuity in schools wired with 


this system, we decided some 10 years ago to go over to sdfewed 
conduit in future installations. Screwed conduit was, used in 
the two experimental houses, for as they were of sectional steel¬ 
framed construction a conduit system of reliable electrical con¬ 
tinuity was essential. 

The service unit, designed by the Coventry undertaking, is 
wired differently from that shown in the paper, for where meters 
of the two-part tariff prepayment type are installed no provision 
can be made for the consumer to switch off the supply to the meter. 

The space provided for the meter by the authors would not 
accommodate all types of meters, and I think the service unit 
should be confined to the supply cut-outs, switches and con¬ 
sumers’ fuses, space being provided at the top for easy fixing of 
various types of meters. 

(<Communicated ): I think that the 15-amp protection, as sug¬ 
gested in the room-circuit system, would provide a very reason¬ 
able degree of protection for small domestic appliances, and. 
15-amp B.S. fused plugs could be recommended o* optional. 
This is preferable to the ring-main system, where fused plugs, as 
suggested in the paper, would be essential and would be a source 
of danger if misused, as they probably would be in many cases. 

Mr. G. M. Stephens: I strongly support the suggestion of a 
universal plug and socket, but there is one point about which we 
cannot be too careful. Premature introduction would probably 
force a decision at the present time in favour of the 3-pin type, 
whereas with the future development of plastics a 2-pin plug 
might be found better. With no metal round a room a 2-pin 
socket has advantages. In the interests of safety, a non-reversible 
2-pin plug should be developed. Many fatalities have been 
caused by reversible 2-pin apparatus. 

In Section 14, Part 1, the authors advocate the use of a batten 
lampholder, of some other fitting, from which the flexible could 
be taken by means of a plug. Fatalities can happen with this 
type of fitting, because the flexible cord is taken to a piece of 
apparatus incorporating a single-pole switch. By simply in¬ 
serting the lampholder adaptor the switch on the apparatus can 
be put in the neutral wire; this offers no protection when a fault 
occurs. 

The kitchen arrangement shown is compact, but of necessity 
the daylight conditions would be very poor, because the window 
would have to be either to the left, right, or behind, whereas 
housewives like to have the light in front of them right on the 
job they are doing. 

In Section 4.3.4 of Part 2, 15-amp fuses are suggested for ring¬ 
main control. The figure seems to.be a little low, because on a 
demand of 7-8 kW there would be little margin for extra heat. 

I think the figure 15 has been proposed to keep the protection 
low, thus limiting the load which may reasonably be expected. 

Mr. G. A. P. Jewiss: I agree with Mr. Garrard on unit furni¬ 
ture, and although I like the layout of the kitchen illustrated, I 
feel that it would be. improved if it were designed on the unit 
principle with the kitchen oven a little higher. The clock shown 
could be fitted with a time-switch for the oven. The broom 
cupboard should have a fan-heater element for drying clothes in 
wet weather. 

In planning the future house, the heavy-current wiring should 
be concentrated in the kitchen and bathroom areU: If kitchen 
and bathroom equipment could be manufactured complete in the 
factory, the house could be designed to take these units one above 
each other in a two-storey house, or the bathroom arrah^eddP 
back on to the kitchen in the flat 6r bungalow; wijji this arrange¬ 
ment all necessary wiring, hot- and cold-water pipework* etc., 
would be very short, and could be made accessible by removable; 
panels. ' * 
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If the units ware factory produced, the cost would no doubt 
be very much less than the kitchen arrangement shown. Un¬ 
sightly pipework on the walls of the kitchen would also be 
eliminated. More power-plug points could be provided in the 
living-rooms, and need not necessarily be connected to a ring 
main. 

The combined intake assumes that there would be only one 
meter; if the installation were used for lighting only, probably 
some financial adjustment could be made. This combined 
service panel could be situated near the kitchen intake giving 
even a shorter run of wiring to the domestic apparatus. 

With regard to conduit, I feel that the progress made with 
plastics might eliminate the screwed-conduit system, which seems 
to be unnecessarily bulky for domestic premises. In fact, I pre¬ 
fer a completely-insulated plastic enclosure for domestic appa¬ 
ratus, particularly on bathroom equipment. 

The mercury fuse was developed and satisfactorily tested many 
years ago, up to, I believe, about 10 amp. It consisted of a column 
of ’mercury in a glass tube which was separated by pinch effect 
when the^ current exceeded a predetermined value. The fuse 
was easily re-made by tilting the tube. Has the author heard 
of it, and is there any reason why it should not be used for 
domestic installations? 

Mr. P. W. Keeley: What is the cost of the revolutionary 
electrical-ipstallation work covered in the paper? In the past, 
the average electrical installation of houses up to about £1 500 
was about \\% of the cost of the house. The minimum should 
be about 3—34% of the cost of the house. But before the fit¬ 
ments described can be put in, we must ask ourselves if the 
buyer can afford them and if the architects will make the neces¬ 
sary^ allocation in their prime cost. My experience has been 
* that architects do not, and several architects I have spoken to 
do not like the question raised at all. The usual way an architect 
plans a house is to take the price the client is prepared to pay 
and work out his bill of quantities on this, including everything 
except the electrical installation. This is quite wrong; the 
amount of electrical accessories to be put into a house should 
bear a definite relation to the cost of the house and must be such 
that the person who is to live in the house can afford to maintain. 

Mr. S. Shaw: It is becoming the custom to install space-heating 
units in fixed positions, with permanent connections which could 
be made from the ring main, instead of to socket-outlet 
connections. i 

The authors rightly refer to the decided advantages which elec¬ 
tricity has in connection with the small labour-saving units, many 
of which are required at table height. I suggest that instead of 
putting the ring main at skirting level, as proposed, it should be 
about 3lft above floor level and be incorporated in future in the 
structure of the building. That would shorten flexible con¬ 
ductors, prevent their wear through rubbing on floors and 
against furniture, and give other advantages. 

I am surprised that the authors'suggest connecting the cooker 
and water-heater to the same circuit. These two pieces of ap¬ 
paratus are in daily use, during certain parts of the year at any 
rate, and in the event of a major fault developing and clearing 
the protection for that circuit, the housewife is temporarily 
deprived of two very essential services. Experience indicates 
that the cooker and water-heater should be separately protected. 

'Hie seryicqdayout is definitely an advance, but a note of warn¬ 
ing must be sounded. A compact unit may be crammed into 
too little space, which may be very desirable from some points 
of vietv^ but these units have to be maintained, and to make 
replacements and repairs the necessary space for a manTo work 
in safely must be provided. / 

A previous speaker has referred to the desirability of obtaining 
.earth-free situations. In domestic premises that is a very im¬ 


portant point. The recommendations do not refer in detail to 
the vexed question of earthing portable apparatus, but if plastics 
can be developed to incorporate circuits and the manufacturers 
can provide protection for current-carrying devices by means of 
plastic cases, we shall have no earthed paths to cause fatalities. 

Dr. W. Wilson: The blessing which the authors have given to 
grip conduit is, in my opinion, unfortunate; I consider its use to 
be definitely unsafe. For simple runs over a flat surface it is no 
doubt fairly reliable; but in domestic wiring, especially for exist¬ 
ing houses, there are apt to be positions where the insecure grip- 
type joint is inadequate. A case in point is the short horizontal 
tube run under the floor-boards between a light in the ceiling 
below and the riser from the switch by the wall. A time is sure 
to come when this tube is cut too short, when the wireman will 
force the riser away from the wall and spring it into engagement 
with the elbow. By forcibly screwing down the collar he will 
make the joint hold for the time being; but the vibration of 
passing traffic will probably make it part and later the gaping 
edges will saw through the insulation of the taut cables. I am 
certain that a really positive joint, as given by screwed conduit, 
is essential for permanent reliability. 

Mr. H. F. Marshall: I would like to bear out Dr. Wilson’s 
remarks about grip conduit. The great trouble in the electrical 
installation industry is that anyone can set up as an electrical 
contractor. The authors seem to forget that such people, and 
their nondescript employees, have carried out a great deal of 
domestic installation work, and will, I expect, do so in the future, 
until such time as ail operatives are compelled to register as 
efficient wiremen. I would not dare let wiremen of this sort ■ 
work on grip conduit, nor on any other system. Most of the 
faults on domestic wiring I have had to deal with have been on 
grip conduit installations wired by such people. It can .be done 
properly and makes quite a good job, but it must be done care¬ 
fully by a good wireman. 

Mr. Rawll said that the Regulations are too onerous. I do 
not agree, mainly owing to the type of labour often employed for 
this work. Cheap wiring used to be advertised at 7s. 6d. per ' 
point—I could not buy my materials at that price, much less pay 
agreed rates for labour. 

It has been said that fused plugs are unnecessary. A standard 
10-15 amp plug must be fused somewhere for small-current 
apparatus, and therefore I think a fused plug is necessary. 

To standardize on 3-pin 15-amp sockets, using the earth only 
when desirable, is a sensible idea; If the third pin is earthed in 
an earth-free situation, such as a bedroom, an element of danger 
is being introduced. 

A service panel on the lines suggested would be a great im¬ 
provement. At present, the connections between service mains 
and consumers’ main switchgear are frequently an eyesore, and 
since there is usually a quantity of unprotected v.i.r. cable at this 
point, there is also some danger. 

With regard to allowing 3 watts/ft 2 for lighting, it seems to 
me that allowing for recent developments in lamps, the total 
lighting load in this class of house will at any moment rarely 
exceed say, 230 watts, or 1 amp; we can safely ignore this as a 
load. But we should now be thinking in terms of light output, 
or lumens/ft 2 rather than of watts required. 

Mr. P. A. Ottmann: I am surprised that the authors of Part 1 
should have based their design of the electrical installations 
desirable in the post-war house on the standard materials avail¬ 
able pre-war. Vast strides have been made in plastics since then 
and if it were not for hostilities we should now be employing 
some of the extensive improvements already made. It is, how¬ 
ever, gratifying that in Part 2 the authors visualize the great 
possibilities of plastics for electrical installations in buildings. 

With the appearance of pre-fabricated interiors for houses, it 
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seems very opportune to break away from the old traditional 
wiring system of rubber-insulated cables run in conduit and to 
install on the lines suggested in Part 2. 

With regard to the ring-main system, although it tends to re¬ 
duce the overall dimensions of distribution boards, if only three 
fused circuits are provided, as suggested by the authors of Part 1, 

I consider the distribution boards should provide fusing for: 
(a) at least two lighting circuits, except in one- or two-roomed 
dwellings (15-amp capacity); (b) a separate circuit for all socket- 
outlets provided in each room, except in small-roomed dwellings 
where one circuit for two rooms could 1 be installed (15-amp 
capacity); (c) a cooker (30/60-amp capacity), and (d) a water- 
heater (30-amp capacity). The suggested circuits for socket- 
outlets would eliminate the possibility of all socket-outlets on the 
ring-main system being out of commission due to an open 
circuit. 

I agree with the authors’ suggestion that 10-amp socket outlets 
should be standardized and used for both lighting and power 
circuits. 

Mr. G. Grainger: First we must lay down general principles 
which provide for: (1) adequate service; (2) new methods based 
on experience, to cope with all-round post-war demands covering 
materials and labour in the most suitable and economic form; 

(3) maintenance of quality consistent with reasonable costs, and, 

(4) control of some kind to safeguard against past inefficient and 
dangerous practices. 

Arguments for and against the different wiring systems can be 
endless. I suggest that some of the faults referred to are not so 
much a condemnation of the system as that of the craft of in¬ 
stallation. Inefficient screwed joints are frequently found; while 
damaged or overset adjustable dies, or careless screwing, can ruin 
the very best conduits. We should always aim at the highest 
standard of workmanship. 

I suggest that it is not economical to ring each room com¬ 
pletely in a 4- to 6-roomed house. Apart from cable quantities, 
there is the extra work entailed by doorways, built-in cupboards, 
etc. In 1922 the vexed question of costs in the controversy 
between gas and electricity caused one large building estate in 
North Lancashire to reject electric lighting. I tried to see what 
could be done in the way of a sound electrical installation at a 
competitive cost, and eventually submitted, as a Student Member 
of The Institution, a paper outlining the use of what I then re¬ 
ferred to as a “socket feeder circuit” for supplying socket points 
throughout the house, and where possible arranging these back- 
to-back for adjacent rooms. This circuit used the minimum 
amount of cable, but could not be regarded as a true ring main. 
A lighting system using ceiling switches only was also included; 
the economy will be readily appreciated, there were no switch 
drops, and the floor and ceiling wiring could generally be ar¬ 
ranged to make a further saving in materials. 

With regard to plug and socket standardization, we should use 
the physical dWensiohs of the 15-amp size as a basis for the 
design of: (a) a non-fused 15-amp size for use in a composite 
unit incorporating separate local fuses; (b) a unit as in (a) but 
for use as a single unit with the central system of fuse or circuit- 
breaker distribution, and (c) fused plugs for 10, 5 and 2 amp. 
For the purpose, these could all be of the non-switched 

shutter-type socket, with liberal looping-in accommodation. 

It is regrettable that “flexing out” has been mentioned, as I 
think that to-day there must be thousands of cases where the fire 
and shock risk is very high, due to the promiscuous and indis- 
croninate use of flex, 

^With regard to the service panel, I favour the use of small 
circuit-breakers in place of fuses. . > 

Mr. D. Kingsbury : I cannot condemn too strongly the kitchen 
equipment shown in Fig, 1 of Part 2. As four million houses 


are to be built as soon as possible after the war, it behoves us to 
go to a considerable amount of trouble immediately in making 
experiments and doing research to assure the maximum comfort 
and labour-saving devices for these new houses. Every mistake 
now made may be repeated four million times if the anticipated 
rapid progress in house building is achieved. If the need for 
building were less urgent, we could rely more on slow evolution 
in attaining good design. The kitchen equipment shown is 
exactly what one would expect on giving a draughtsman a list 
of things to be incorporated and leaving it to him to make a 
tidy drawing. As far as I can see it bears no relation to the 
household needs of the average British artisan family. 

In this equipment, all the work is done in what amounts to a 
hole in the wall, instead of at a table or bench with a window or 
some sort of outdoor view. One sink only is shown, whereas I 
am quite sure that two sinks, one for washing and one for rinsing, 
and adequate draining racks would do more to lighten the work 
of a housewife than any other single development in the domestic 
quarters. A refrigerator is shown, but the general type of person 
to occupy a house of this size has neither the money nor the fore¬ 
sight to buy foodstuffs sufficiently far in advance to need a re¬ 
frigerator; there are so many things more needful. 

The taps over the sink are very awkward for filling a large 
saucepan or a bucket with water. The oven is far too low; 
27 in from the floor to the lowest groove is about (jorrect. It 
would be interesting to know where the light is coming from 
for the various holes marked “Cupboard,” “Refuse bin,” etc. I 
think that the lighting trough and ventilation grille, and other 
cavities in the upper part of the equipment, since they are over 
the stove and over another point where the water may be hot 
enough to give off much vapour, will take as much time to‘keep 
clean and sweet as a whole host of reasonably-disposed kitchen 
furniture. 

Many responsible engineers have had to help in their own 
homes in the past few years, and it would be no small gain if the 
experience so gathered were reflected in the future layout of 
kitchen equipment. From my limited experience, I suggest that 
good engineers, as distinct from draughtsmen, should be en¬ 
trusted with this layout work, and should work as housewives 
and nothing else for a year or so, during which time they should 
be allowed to have any desirable arrangement installed, with as 
many changes as may be necessary, in order to arrive at simple, 
workable, labour-saving schemes. 

It seems common sense to me for space heating and bulk 
water heating for all normal occasions in the small house of the 
future to be carried out with coke fires with built-in lighting 
arrangements. We are a long way from the era when we can 
dispense with non-electric forms of main heating, and i &t retain 
sufficient ventilating, drying and airing facilities to remain 
healthy. 

Mr. J. L. Ferns ( communicated ): Attention should be drawn to 
the logic of plug capacities. Most fires in use are of tjie 3-kW 
size. It is clear that the average consumer is liable to draw 
approximately 15 amp from any heating plug in his house. He 
must therefore be equipped with plugs of 15-amp capacity. If 
the plug proposed by the authors will carry 15 amp then it should 
be rated as such and there will be no argument, but if its rating 
is really only 10 amp .then it is obviously useless- for its duty, 
and no qualified engineer dare risk installing it. It must be re¬ 
membered that a house is built and equipped without any fore^ 
knowledge of the apparatus likely to be used by the incoming 
tenants. V * * # ; 

As regards the ring-main idea, the elementary rules regarding 
the division of current along parallel paths must'be recalled. It 
is quite easy to foresee conditions under which the ring main will 
not function as the authors suggest. A great deal depends ou 
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the situation of the service in respect to the points liable to 
receive maximum simultaneous use. If this electrical difficulty 
is te» be overcome a most complicated clause might have to be 
added to the I.E.E. Wiring Regulations. 

A great many of the authors’ difficulties would be overcome if 
they could obtain an alteration of service practice, which is 
probably more important than the special unit they have pro¬ 
posed, namely that the supply undertaking’s service shall be 
situated as near as practicable to the load centre of the building. 
The extra cost would be borne by the consumer, of course, no 
matter what the immediate arrangement might be. At the 
present time a mains engineer has to terminate the service cable 
as soon as possible after entering a consumer’s premises. Con¬ 
sequently, there has been a tendency for wiring contractors to 
bring all circuits back to a point which may be most unsuitable 
from the electrical point of view. This tendency is also aided by 
the need for studying the consumer’s freedom to choose either a 
fl^t-rate or a two-part tariff. If the service could be placed near 
the load centre of the house there would be little need for the 
ring maiQ, because of the shortening of the wiring runs. If the 
Wiring Regulations were also relaxed to allow a bedroom or 
stairway plug to be coupled with a downstairs plug on one cir¬ 
cuit (or other reasonable allowance for diversity of plug usage), 
this would provide all the alleviation which could be expected 
from the Wiring Regulations Committee; yet this proposal could 
give considerable further economies which would outweigh the 
ring main. 

Let us preserve a sense of balance as regards the normal pro¬ 
vision of plugs every few feet round a room. However many 
plugs are put in flexible leads to apparatus will still be needed. 
TwS plug points in the room of a dwelling house are quite ample 
to supply all the average consumer’s needs without having a flex 
longer than 6 ft. Surely the authors do not suggest that 6 ft of 
flex is more dangerous than 3 ft, or that it is difficult to handle. 
Actually 6 ft of flex is probably the better of the two. 

Mr. S. C. Dinenage {communicated): Some speakers stress the 
disadvantage of the ring-main system or modified ring main for 
the utility-socket circuit without making sufficient allowance for 
its undoubted advantages. The main problem involved is one of 
adequate protection for connected apparatus and flexible con¬ 


ductors, and if, as suggested, the maximum load on. the ring can 
be taken as an occasional 8 kW, a 40-amp (carrying) fuse must 
be used in the feed to the ring, assuming it is not intended to 
protect each end of the ring with a fuse., Consequently, a fusing 
current of some 80 amp is possible, which renders the use of a 
local fuse essential. 

The most convenient form of local fuse would seem to be the 
fused plug using a small cartridge-type fuse; to prevent the use 
of non-fused plugs this requires a new socket unit with which 
existing plugs could not be used. Many people view with dis¬ 
favour the proposal to introduce another size of socket-outlet, 
but if either a ring-main or a group-feed system is adopted there 
appears to be no reasonable alternative to the fused plug. ~ 

The proposal in Part 2 that the 5-amp British Standard socket 
be uprated to 10 amp is a sound one where present-day circuit 
requirements are met, but m addition to the need for non¬ 
interchangeability with existing non-fused plugs it will be found 
that the terminal arrangements of the 5-amp socket are too small 
to allow looping-in of relatively large-area conductors. 

The design of the proposed service panel is attractive, but the 
designers appear to have overlooked the opportunity they have 1 
to introduce plug-in watt-hour meters which would eliminate 
loose “tails” and exposed wiring, apart from other and obvious 
advantages. Also the fuse compartment should be constructed 
to be child-proof, for the usual mounting position will bring this, 
part to a convenient height for small fingers. 

Conductors have not received much attention. I feel that the 
war-time development of the aluminium industry may find an 
outlet after the war in the provision of a busbar system using, 
say, alu miniu m tube sheathed with bakelized paper which could 
be built into the fabric of a new house, not necessarily in the 
form of a specially-moulded skirting as envisaged in the paper, 
which would be relatively expensive, but more as an omnibus 
conducting system feeding all parts of the house. 

Finally, as one who occasionally keeps uncertain hours I would 
put in a plea for the silent switch, The authors do mention it, 
but in view of proposals to use building materials which may be 
considerably worse, acoustically, than the usual brick and plaster 
construction, silence of operation will become even more im¬ 
portant in the future. 


THE AUTHORS* REPLIES TO THE ABOVE DISCUSSIONS 


Messrs. Forbes Jackson and W. J. H. Wood {in reply): The 
discussions at the Local Centres generally followed the lines of 
that in London, but they showed that on some points different 
views qre held in different parts of the country. The proposed 
universal domestic plug is an example. 

In London and the South, there is general agreement that 
10 amp would be sufficient for all normal, portable domestic 
apparatus. At the Local Centres, only 4 speakers agreed with 
this, while 11 wanted 15 amp, and most of these were prepared 
to accept the existing 15-amp plug as the universal plug for all 
purposes. There is probably some confusion as to what we 
mean by portable apparatus. The engineer pf one of the largest 
municipal undertakings in London stated that 97% of the port¬ 
able apparatus sold or hired by his department was 2 kW or 
less. The catalogue of one of the principal makers of electric 
firSs* shows ^nothing over 2\ kW, even in the most expensive 
models. In the small houses, with which our paper was chiefly 
concerned, there will be no rooms larger than, say, 160 ft 2 . No 
one can need a 3-kW radiator in such a room, and no one 
wOuTd use one unless he had been ill-advised by the supply 
authority, who, as Mr. Raven says, “want to sell electricity.” 
It should be, borne in mind that this 160-ft 2 room will have a 
• solid-fuel fireplace as well as plug points. Cookers, water 


heaters and wash boilers are not portable appliances and were 
not meant to be catered for by the ring main and the universal plug. 

At the same time, we agree that we should like the 10-amp 
plug to have a reasonable overload capacity, and this is one of 
the reasons why we disagree with those who want to up-rate the 
5 -amp plug to 10 amp. A 15-amp plug is hardly suitable 
for universal use for wireless, table lamps and other small con¬ 
sumers. It was not designed for this purpose, and it would be 
possible with materials and technique now available to produce 
a much smaller and neater plug with equal current-carrying 
capacity and incorporating an h.r.c. fuse. 

Many estimates, carefully prepared, show a considerable saving 
in the ring-main technique, but all this saving may be lost if we 
use an unnecessarily expensive socket and plug. The fuse can be 
incorporated in the plug as safely as, and more cheaply than, in 
the socket, and there are other advantages as wefl. Because of 
the cessation of building we are now in a position toreviseour 
standards, if there are sound technical advantages, with a mini¬ 
mum inconvenience to the user. Manufacturers should be in¬ 
vited to put forward their best proposals for a new fused plug to 
3 kW at 230 V, to have shuttered sockets, 
to take a 70/- 0076 flexible and to connect to a 7/-029 ring main, 
to fit into a small circular B.S. box, to be semi-sunk, and as neat 
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and unobtrusive as possible. Ease of insertion and withdrawal 
would be considered important. 

Many speakers referred to the controversy of lug grip versus 
screwed conduit. In the reply to the London discussion this was 
dealt with in some detail. Sheffield speakers spoke highly of 
the lasting qualities of capping and casing. We agree entirely 
and can point in our own experience to a disastrous fire wrongly 
attributed to capping and casing, which was ultimately shown to 
be due to a piece of unearthed conduit resting on a compo gas 
pipe. As a surface job for wiring existing buildings, it was a 
very good system, but t.r.s. is a very good alternative. Our 
advocacy of conduit was, however, for new construction, and 
for this purpose we still consider buried conduit to be the best 
solution. We see no objection to insulated systems and should 
welcome non-conducting conduit if it cost no more than steel. 
The bogey of wireless interference from unscreened wiring need 
not, we think, be taken too seriously. There is more trouble 
caused by intermittent continuity on faulty conduit runs, than 
by entirely unscreened wiring. 

Some speakers criticized Part I as not being sufficiently 
revolutionary. It was not meant to be. It contained practical 
proposals for getting on with the job as soon as building began 
again. It chose the best materials available for this particular 
purpose of wiring small houses and was based on the experience 
gained in wiring and maintaining about 100 000 dwellings. 

Messrs. G. Smith and E. Jacobi (in reply): The discussions at 
the various provincial Centres took place between November, 
1943, and March, 1944, that is a year after the paper was first 
read in London. During that time many of the suggestions in 
the paper have proved to be of interest, and some are being 
incorporated in experimental installations now being put in or 
tested. While carrying out these experimental installations, 
certain of the ideas expressed in the paper have been developed, 
and the following reply to the points raised at the discussions 
takes these developments into account. 

Several of the points raised in the provincial discussions were 
originally raised in London. No further reply to these points 
has been made here, and reference should be made to our reply 
to the London discussion.* Also in these provincial discussions, 
some of the points raised were duplicated, and it is therefore 
proposed" to reply to the discussions as a whole rather than to 
individual speakers. 

Combined service equipment. —Many designs of combined 
service-equipment are taking shape, and the idea has received 
wide acceptance. The objection has been raised that consumers 
cannot go back to a flat-rate tariff, but it should be remembered 
that (a) the tariff proposals are not inherent in the service unit 
as such, which could be designed for separate metering of 
lighting and power supplies without difficulty, and (b) it is most 
unlikely that, when the value to the consumer of the two-part 
tariff is fully realized, more than an infinitesimal proportion of 
consumers will wish to go back to the flat-rate tariff. 

The ring main and the skirting. —The installation of the ring 
main in a skirting specially designed to receive it has also received 
considerable attention in the past year. It is not always appre¬ 
ciated that two distinct facilities are involved here, namely 
(a) the use of the ring main to allow a number of socket-outlets 
to be connected to the one ring, and (b) the use of the skirting 

* Journal I.E.E., 1943, 90, Part II, p. 475. 


to allow sockets to be added later. It is possible to use the two 
facilities separately, i.e. to provide a ring main to a given number 
of positions, the route of the ring main being across the flo*>r or 
ceiling and independent of the skirting; or, alternatively^to pro¬ 
vide socket circuits in the skirting without necessarily being con¬ 
nected to a ring main. The suggestion of a complete ring main 
in the skirting gives, of course, the maximum facilities both for 
present use and later additions. 

It should be borne in mind that the ring main may very well 
be provided in the vertical plane and that, where necessary, 
branches may be run to certain sockets; by doing this the gaps in 
the external wall, which occur on the ground‘floor only, can be 
completely avoided, and fireplaces and interior doors on either 
floor circumvented by a little thought in routing the ring. * 

Sockets , plugs and fuses. —Much discussion arose, and further 
discussion has appeared in the technical Press, in regard to the 
future development of sockets, plugs and fuses, but there is 
general agreement that: {a) one size of socket should be u^ed 
for all purposes; (b) if the circuit controlling the sockets is con¬ 
trolled by a 10-amp fuse, no local fuses are necessary;, (c) if the 
circuit is controlled by a fuse larger than 10-amp, local fuses are 
necessary; and (d) if local fuses are required, it is preferable to 
place them in the plug head rather than in the socket. If, then, 
fused plugs are to be used, it is desirable to have a new standard 
socket to prevent the use of unfused plugs in the same sockets, 
and ultimately to do away with the present 2-amp and 15-amp 
sizes for domestic installations. 

H.R.C. fuses. —Many different opinions continue to be held 
on the subject of h.r.c. fuses for domestic installations, but the 
only development generally agreed is that either all or none of 
the fuses in a domestic installation should be of the h.r.c. fype. 

Circuit-breakers and earth-leakage trips .—The general answer * 
to all comments with regard to the use of circuit-breakers, earth- 
leakage trips, and other automatic devices, is that there is no 
objection to their adoption providing that they will operate satis¬ 
factorily over a number of years without any maintenance, and 
that they will be economic in first cost. 

Apparatus. —Some criticism of the paper has arisen from the 
fact that it does not deal with domestic apparatus. The kitchen 
unit illustrated in the paper was put forward to support the 
argument that the services seriously affected the design of the 
house, although it was felt that the importance of the subject * 
really called for a separate paper dealing specifically with 
domestic apparatus. During the past year a number of such 
papers have, in fact, appeared. 

The kitchen unit .—The various incidental criticisms that have 
been made of the kitchen unit as a whole, or of its component 
parts, are welcomed. Many designs have been developed in the 
past two years and many more designs will no doubt be produced 
in the future, each going a little further towards the ideal. It is 
only by strong and healthy criticisms of the suggestions already 
put forward that we shall ultimately arrive at the ideal solution. 

Finally, the authors wish to express their pleasure in the 
interest displayed in the discussion of the paper at meetings at 
eight Centres. Such criticisms as have been voiced have in¬ 
variably been helpful and have shown that the suggestions in the 
paper have filled a gap which will assist in the adequate provision 
of electrical facilities in the huge building programme that lies 
before us. " * 
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AN ANALYSIS OF THE LOAD ON A MODERN ELECTRICITY-SUPPLY SYSTEM* 

By P. SCHILLER, f 

(The paper was first received 14 th October , 1943, and in revised form 1th January , 1944. It was read before The Institution 1 6th March , 1944.) 


SUMMARY 

The paper contains an analysis of the load on the system of the 
Northmet Power Co. during a pre-war year. The block of annual load 
is split up into a basic, or all-the-year round, portion, and a seasonal 
portion, the latter representing all the consumption due to space¬ 
heating, and about half that due to lighting. The basic portion is 
sub-divided into its principal components, and, as regards the seasonal 
portion, an attempt is made to separate lighting load and space¬ 
heating load, both as to demand and annual consumption. For this 
purpose “seasonal demand curves” are developed, in which the load 
at a certain time ofjday is plotted for a series of days, and compared 
with the simultaneous conditions of outdoor temperature and illu¬ 
mination. The annual load factors of modern lighting and space¬ 
heating loads are found to be normally 'of equal order of magnitude; 
in a year with a “cold snap” the load factor of the latter may even be 
considerably Jower than that of the former. 

Characteristic collective and component load curves are given; and 
also graphs dealing particularly with the space-heating load. The 
paper concludes with recommendations for further research. 


* (1) INTRODUCTION 

* One of the fundamental considerations of electricity-supply 
economics is the study of the characteristics of the load created 
by the various uses to which electrical energy is put. It has 
therefore been considered useful to attempt an analysis of the 
collective load on a modern comprehensive electricity-supply 
system. By the courtesy of Capt. J. M. Donaldson, all the 
necessary data and information relative to the system of the 
Northmet Power Co. were made available. The analysis covers 
the year ended 30th June, 1939, i.e. the last two consecutive 
half-years preceding the outbreak of the present war. This 
period was conspicuous by a cold snap which occurred in the 
second half of December, immediately following a period of 
unseasonably mild weather. J 

Every effort has been made to base the analysis on as many 
facts as possible, with a minimum element of conjecture. The 
science of load research is, however, still capable of much further 
developmSnt, and investigations of this kind cannot be con¬ 
ducted without resorting to some measure of assumption and 
estimation. 

(2) GENERAL PARTICULARS OF THE SUPPLY SYSTEM 

During the period under consideration the area supplied 
covered 650 square miles, chiefly suburban, with a population of 
1*2 million. Of the 36 individual undertakings involved, 31 
belonged to the Northmet Co. and the remainder received bulk 
supplies. 

There are three selected stations and two grid-supply points. 
Main'tTansmisSion is at 33 kV, and h.v. distribution at 22 kV, 
11 kV and 3 kV. The collective load, during the period under 


of the consumption can be seen. Owing to its size, the system 
concerned may be considered representative of average suburban 
conditions in the Greater London area. 



Fig. 1.—-Load model. 


Constructed by cutting out daily load curves in contour and stacking them with their 
time bases side by side. 

(3) STATISTICAL DATA 

The values given in Table 1 have been estimated from the 
returns for the calendar years 1938 and 1939. By way of com¬ 
parison, kWh-consumption values for the whole country are 
also given, derived by increasing the corresponding figures in 
Table 37 of the Electricity Commissioners’ 15th Return (1937-38) 
by percentages believed to cover the intervening development. 
It will be seen that although the cooker saturation (Table 2) was 
rather below the national average (usually assumed to be of the 
order of 15 %), the kWh sold per domestic consumer exceeded 
the corresponding national average by about one-third. The 
explanation seems to lie in the comparatively higher level of 
income, prevailing “all-the-year-round” use of electric cookers, 
and more extensive application of electric space-heating. 

Domestic sales accounted for about 44% of the total, the 
national average being of the order of 25 %. 

The average consumption per commercial consumer agreed 
more closely with the corresponding national average, whereas 
the kWh sold per industrial power consumer were much below 
the corresponding national average. This difference is explained 
by the absence of heavy industries. 


consideration, is illustrated by the load model depicted in Fig. 1. 
The collective m.d. was of the order of 300 MW. 

From the statistical data tabulated in Section 3 the character 

* Based on Report Ref. K/T108 of the British Electrical and Allied Industries 
Research Association. „ . .• . 

t British Electrical and Allied Industries Research Association. ; 

t Similar cold snaps occurred in January, 1940, and Jainuary-February, 1942. 


(4) POWER AND ENERGY LOSSES 
The daily load curves available included the demand of power- 
station auxiliaries. This made it necessary also to deal with 
these auxiliaries, instead of confining all considerations to the 
system load only. 
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Table 1 

Number of Consumers and kWh Sold 



Domestic 


Industrial 

Traction 

Public 

c i 

Total 


“All-in” 

Others 

Total 


power 




Number of consumers . 

% 

kWh x 10^ sold .. ° 

% 

kWh per consumer 

Average for country, kWh 

239 600 
(62) 
280 
(87) 

1 170 

145 000 

m 

43* 

(13) 

295* 

384 600 

92 

323 

44 

840 

620 

30 000 

7 

102 

14 

3 400 

3 000 

5 400 

1 

216 

29 

40 000 

75 000 

86 

11-5 

13 

1-5 

420 000 
. .100 
740 
ioo ; 


* This figure contains some consumption for thermal purposes, since cooking and heating supplies at flat rates are included. 


Table 2 

Domestic Cooking and Water-heating Appliances 


Type 

Number installed 

% of number of 
domestic consumers 

Cookers . 

43 000 

11 

Water-heaters 

15 000 

4 

Washboilers. 

11 500 

3 


As set out below, there existed a difference between energy 
sent out and sold, of 109 x 10 6 kWh, or 15% of that sold.f 


kWh x 10* 

Energy generated and purchased .. .. 889 

Energy used on power stations .'. .. 40 

Energy sent out .. . .. .. .. 849 

Energy sold .. .. .740 

Energy lost arid unaccounted for .. .. 109 


The bulk of this difference can be attributed to actual losses. 
But with “continuous meter reading” (applied to domestic and 
commercial consumers) and steadily growing sales, there is also 
an apparent loss due to “unbilled units,” in the present case 
approximately 1 % to 11% of the total energy returned as sold. 

For the purpose of the present investigation it is necessary to 


The average total constant losses may thus be assumed to be of 
the order of 6 MW, corresponding to roughly 50 X 10 6 kWh per 
year, or close to 7 % of the total energy sold. 

In view of the relatively higher losses of distribution trans¬ 
formers, and the fact that the domestic and commercial loads are 
supplied at low voltage throughout, it seems justifiable to allocate 
to these loads constant transformer losses to the amount of at 
least 8 % of the respective energy sales. 

As regards meter-shunt losses, 11W corresponds to approxi¬ 
mately 13 kWh a year, and taking an average of 1 * 1 meter per 
domestic consumer the loss per consumer is over 14 kWh a year, 
or 1 • 7 % of the average consumption of 840 kWh. 

Altogether the percentage of constant losses chargeable to 
domestic sales may be taken as being of the order of 10 %, and 
that relating to sales to commercial consumers slightly* lower. 
As regards industrial power consumers, if it is considered that ar 
part of the total sales is effected at high voltage, and that meter 
losses are relatively insignificant, the appropriate allocation in 
respect of constant system losses appears to be 3% to 4%. 

Turning to the copper losses, in view of h.v. sales and generally 
shorter distances involved the percentage allocation to power 
consumers must again be relatively smaller, although the lower 
power factor may have a somewhat counteracting effect. 

The remaining losses, due to meter errors, unbilled units, 
etc., concern principally the class of domestic consumers. 

Table 3 shows the result of these considerations. 


Table 3 


Allocation of Total Energy Losses 



Domestic 

Commercial 

Industrial 

power 

Traction 

Public 

lighting 

r Total 

Energy sold,kWh x 10 6 .. 

323 

102 

216 

86 

13 

740 

Loss allocation, % .. .. 

18 

16 

10 

12 J 

, 15 

15 

Loss allocation, kWh x 10$ .. 

58 

16 

22 

11 

2 * 

109 

Total sent out, kWh x 10 6 .. .. 

381 

118 

238 

97 

15 

*849 


relate conditions associated with energy sold to conditions asso¬ 
ciated with the available load curves. This involves allocation 
of the total losses among the classes of consumers and load con¬ 
sidered. : ' ' 

The system comprises about 1£ x 10 6 kVA of transformer 
capacity, with an aggregate iron loss of the order of 6 MW, of 
which, say, 5 MW is effective, corresponding to approximately 
44 x 10 6 kWh per year. The total number of meters can be 
estimated at 450000. Taking an average shunt loss of 1£ W, 
the corresponding aggregate constant loss is nearly 700 kW. 

t It shout# be noted that these are losses between selected stations and consumers* 
. .terminals; >" r ; s . V •• . 


For the purpose of graphic representation, however, it seems 
preferable to treat the total constant losses as a whole, without 
allocation among classes of consumers, so that only 59 x tO 6 
kWh (109—50) remain to be allocated. This is detailed in 
Table 4. . • * r r .- 

(5) SUB-DIVISION OF THE LOAD 
One of the principal objects of this investigation is to derive 
typical component load curves, had to associate these Wh the 
corresponding annual amounts of energy. The ideal Would be 
subdivision according to classes of corisumers. So long as a. 
class of consumers can be associated with one well-defined kind 
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Table 4 

> Allocation of Losses other than Constant 

Domestic Commercial In p d 0 u v ^ al Traction jgjg* Total 


Energy sold, kWh x 10^ .. .. 323 102 

Loss allocation, % 9 8 

Loss allocation, kWh x 106 .... 29 8 

Sales 4- allocated losses, kWh x 106 .. 352 110 


of load, e.g. industrial power or traction, this is feasible. In the 
case of composite loads, however, difficulties arise. The course 
taken here is to segregate, in the first place, according to classes 
of load. 

Examination of the load model, Fig. 1, suggests that the total 
body of annual load may be divided readily into a “basic” or 
all-the-year-round portion, and a superposed seasonal portion. 
The latter fe chiefly affected by two variables—outdoor illumina¬ 
tion and temperature. The former portion can be sub-divided 
into the following components:* (a) Power-station auxiliaries, 
( b ) constant losses, (c) traction, (d) domestic cooking and water¬ 
heating, (e) industrial power, (/) “basic” (all-the-year-round) 
lighting, (g) miscellaneous, largely domestic, uses (excluding 
lighting and space-heating). 

Of the essentially seasonal component loads, lighting and 
space-heating, the former contains an appreciable all-the-year- 
round portion, owing primarily to The fact that there is always 
a daily period of darkness, the minimum interval between sunset 
and sunrise being, in this area, about 1\ hours. With normal 
^Summer Time, less than 2 hours of this minimum overlap the 
daily period of human activity, and if Double Summer Time 
were to be adopted as a permanent feature “basic” lighting would 
be confined essentially to all-night lighting. The seasonal 
minimum of the space-heating load, however, is definitely zero. 

All seasonal variations are superposed on a steady rise due to 
a progressively increasing number of connections and intensified 
individual use. During periods of business depression the trend 
line may, of course, decline. In the case under consideration the 
annual overall increase was of the order of 10 %. This value will 
be taken as applying to both normal demand and consumption, 
and no differentiation will be made in respect of the individual 
component loads. 

(6) METHOD OF ANALYSIS 
* (6.1) General Plan 

For dealing with the basic or “all-the-year-round” loads the 
two-dimensional daily load curves suffice. It is, however, ad¬ 
visable to eliminate accidental variations and to derive typical 
curves. If taken to the highest possible degree of accuracy, seven 
basic daily curves would be required, one for each day of the 
week. The object of the present investigation is, however, ade¬ 
quately fulfilled by establishing only three basic days, Sunday, 
Saturday and average working-day. 

For studying seasonal variations recourse must be had to the 
third dimension of the annual load model. If, as in the present 
case, Jhe daily load curves are already composed of hourly 
demand values? the whole body may be taken as representing 
8 760 such values in 24 rows of 365 each. The sum total of these 
values is equivalent, to the total energy supply involved. Each 
rofr depicts the annual variation of the demand associated with 
T)ne particular h*ur of the day. In practice it is necessary to 

* All these components are, of course, subject to slight seasonal variations, flfo 
account is taken of specific summer loads, such as those due to nursery and drainage 
pumping, refrigerators, fans, etc,, since they are comparatively insignificant. 


216 

86 

13 

740 

7 

7 

» 8 

8 

15 

6 

1 

59 

231 

92 

14 

799 


sub-divide according to days of week, and in the light of the 
preceding considerations the annual load model may be con¬ 
ceived to be split up into three, one containing all the Sundays, 
another containing all the Saturdays, and a third containing 
all the other days. In this way, instead of 24 series of 
365 values we obtain 2 x 24 series of 52 each, and 24 series of 
261 each. Each of these series can be plotted in the form of a 
load curve depicting, not progressive variation in demand, but 
variation of the demand at a particular time of the day over a 
series of days. By relating each of these seasonal demand curves 
to the concurrent conditions of outdoor temperature and illumina¬ 
tion, some analysis as to temperature-related and light-related 
components can be made. This is described in Section 6.2. 

The same curves also serve for deriving the above-mentioned 
daily load curves for the three basic days. Fig. 2, for example, 
shows the annual variation of the system demand at 8 h-9 h* of 
all the working-days of the year under consideration. The cor¬ 
responding temperature is plotted to an inverted scale at the top. 
By drawing a straight line between the demand points corre¬ 
sponding to the warm days of the first half of July 1938, and 
those of the end of June 1939, the “basic demand” attributable 
to the hour 8 h-9 h of working-days is obtained. The gradient 
of 1 : 10 tallies well with the assumed annual trend of + 10%. 
As may be seen, the line keeps above the depression surrounding 
August Bank Holiday, and remains above the minima caused by, 
abnormal mornings. This line of basic demand may also serve 
as a datum line in respect of seasonal demand variations. 

Having obtained the 3 x 24 basic hourly-demand valyes, the 
daily load curves can be drawn for the basic Sunday, working- 
day, and Saturday. The values plotted in Fig. 3 are the mean 
values for the year, corresponding to the intersection of the 
respective basic-demand lines with the mid-ordinate. The 
dotted lines over the period 20 h-24 h show the shape the curves 
would probably assume if there had been ho lighting demand 
except that existing all round the clock. This estimate is based 
on load curves obtained under present conditions of Double 
Slimmer Time (see Appendix 10.1). 

(6.2) Seasonal Supply 

It appears preferable first to describe the detailed analysis of 
the seasonal supply. There are two chief lines of approach: 
(1) To compare the load curves of characteristic days, and (2) to 
analyse the above-mentioned seasonal demand curves. 

For easy reference, each day of the year is given a symbol, 
composed of a letter with numeral subscript: Sunday = S, Mon¬ 
day == m, Tuesday == t, Wednesday « w, Thursday — d, Friday 
= f, and Saturday = s. The first, incomplete, week of the year 
under consideration is designated by the subscript 0, and the 
following are numbered 1 to 52. Thus 1 2 s describes the Tuesday 
pfthe 25th'-v?eefcw : ''^ : y:;.; : .: : '' 

Meteorological references are based on observations at Kew, 
as recqid^ ih the Dhily Weather ^ 

* Time of day is expressed on the basis of the 24-hour system. 
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Fig. 2.—Seasonal variation of the demand at 8 h-9 h of working-days. 


IMS! 


Office. In plotting temperatures the following symbols for in¬ 
dicating the simultaneous weather conditions have been used. 

O Sky not more than half-covered with cloud. 

# Generally cloudy or overcast. 

+ Dust haze: the turbid atmosphere of dry weather. 

® Mist or fog. 

x Rainy (drizzle, showers or rain). 

0 Continuous rain. 

* Snow. 

The same symbols have also been applied in connection with 
daily load curves. In addition, force and direction of wind are 
there given by means of arrows and feathers as used in the 
weather charts of the Meteorological Office, namely arrows flying 


with the wind (direction of north, east, etc., as on maps), a short 
feather indicating one. step on the Beaufort Scale, and each full- 
length feather two steps (e.g. S' generally cloudy, south-westerly 
wind, force: 3). 

Outdoor illumination is, of course, chiefly determined by the 
position of the sun. Fig. 4 shows clock times of sunrise and 
sunset for the year concerned. The exact times when artificial 
indoor lighting may have become necessary or dispensable de¬ 
pend on meteorological influences. Taking, for example, the 
hour 7 h-8 h, all one can say is that up to the end of October 
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Fig. 3.—Load curves of basic Sunday, working 
day, and Saturday 
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Fig. 4.—Sunrise >nd sunset (clock times), July 1st, 1938— 
June 30th, 1939* 




























it normally will entail no appreciable seasonal lighting demand, 
then there will be a period of transition in which atmospheric 
conditions will have great effect, until at the end of the calendar 
year this hour will be almost completely dark, and sb forth. The 
only exact basis, especially for the period of transition from full 
daylight to full darkness, is actually measured outdoor illumina¬ 
tion. The corresponding values in foot-candles describe the 
variable “outdoor illumination” in the same way as degrees F 
describe the variable “outdoor temperature.” 

As it happened, during the period under consideration the 
National Physical Laboratory had carried out daylight record¬ 
ings to find average values for the use of architects, etc.* By 
the courtesy of Dr. J. W. T. Walsh of the N.P.L. the 
detailed records of the tests have been made available, but 
since they refer to varying quadrants of the sky they are not 
strictly comparable within themselves. 

The detailed procedure will now be described, first with 
reference to Figs. 2 and 5-7. It will be seen at a glance that the 
patterns formed by the inverted temperature curves are well 
reprofcced in the corresponding demand curves,f proving that 
outdoor temperature is the chief determinant of space-heating 
demand. The main “ripples” superimposed on the inverted 
annual ^vvave are designated A to T. As reproduced in the 
demand* curves, |hese ripples are clearly due to space-heating 
demand "only, whereas the long-waVe variation is a combination 

* Department of Scientific and Industrial Research: “Seasonal Variation of Day¬ 
light Illumination” (H.M. Stationery Office, 1935). t : 

t The dotted, portions of these curves cover gaps caused by the omission of holidays. 


of space-heating and lighting demand. Chilly September morn¬ 
ings already produce some space-heating demand (A and B), and 
even in June there are traces of such demand (T). 

From Fig. 4 can be seen that the hour 8h-9 h is what may be 
called a “fringe hour,” i.e. it never becomes completely dark. 
To enable further study to be made, some vertical lines have 
been added in Fig. 2 indicating the days when the sun rises at 
7 h, 7.30 h and 8 h, respectively, and at the bottom of the dia¬ 
gram the mean illumination (with reference to a quadrant of the 
sky) for the hour 8 h-9 h of the days of the corresponding period 
has been plotted (as far as available from the above-mentioned 
N.P.L. tests). Comparing the adjacent points w 23 and d 23 as 
indicated on the three curves, it may be seen that the difference 
in demand (35 MW) can be attributed to a striking difference in 
outdoor illumination, since the corresponding meteorological 
conditions were practically identical. It may further be seen 
that the illumination value associated with d 23 is the lowest of 
all recorded, and that on a really cold morning the illumination 
may be rather higher (cf. f 23 , t 25 , f 27 ). On the fight morning of 
w 23 , too, there was probably some lighting in use, the corre¬ 
sponding demand being somewhere between 10 and 20 MW. 
Thus it may be concluded that the m.d. for fighting purposes 
during the hour 8 h-9 h was of the order of 50 MW, and that 
on cold mornings the demand was lower, say 35 MW. 

In the case of “fringe hours, ” such as that just considered, it 
is impossible to apportion the integrated seasonal demand (total 
area under the seasonal demand curve less integrated basic de- 
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Fig. 6.—Seasonal variation of the demand at (a) 20 h-21 h, and ( b ) 1 h-2 h on working-days. 
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r tnand) correctly between lighting and space-heating demand. 
Here recourse must be had to estimation, but as regards the 
hour 8 h-9 h it is obvious that the bulk of the consumption due 
to seasonal demands is attributable to space-heating. 

Fig. 5 represents the conditions at the hour of overlap between 
decreasing industrial and increasing domestic activity. Charac¬ 
teristic features are the relatively diminished reproduction of 
temperature ripples during the period when coal fires are used 
intensively, and the easily-discemible block of sustained fighting- 
demand due to the hour in question being completely dark for 
a number of months (cf. Fig. 4). The heavy fluctuations of 
demand due to varying conditions of the sky during the period 
of transition between the hours of sunset of 17 h and 17.30 h, 
especially in February, should be particularly noted. 

The approximate seasonal fighting-demand attributable to the 
hour under consideration can be ascertained with comparative 
accuracy. In doing so the assumption is made that during the 
annual period in which an hour is completely dark there will be 
only minor fluctuations in the corresponding fighting-demand,* 
though the will be some progressive relative increase due to 
“trend.”. The best basis for examination is the period of transi¬ 
tion from light to dark in autumn, when the masking effect of 
the space-heating demand is not so pronounced as in spring, 
^en the sun sets at 16.30 h, the hour 17h-18h may be 
assumed to be completely dark and fighting demand at its full 
value relative to the hour in question. From a comparison of 

* In the past much used tote made pf the increase in shop-lighting demand before 
.Christmas. How small, the relative present proportions of shop-lighting demand are 
seen from the fact Uiat although in the greater part of the area of supply; 
• Thursday is early-closing day, the drop in demand, if discernible at ah, is only or the 

' order qfafew MW.•• ~ . ,,;f n. - • * L 4 - ° ' Vn• -"-v• v- .?•, 


mi 


r\ * 1 - 




characteristic daily load curves, described later, the simultaneous 
space-heating demand on the mild November day f 18 is estimated 
to be of the order of 20 MW, and by considering an increase of 
10% per annum due to trend the inclined line marked “Lighting 
demand” is evolved. It intersects the mid-ordinate at 182 MW, 
and if from this value is deducted the corresponding basic 
demand of 98 MW, the seasonal fighting-demand attributable 
to the hour 17 h-18 h results as 84 MW. The slope given to the 
lighting-demand curve during the periods of transition rests, of 
course, on hypothesis, although at the autumn period some guide 
is provided by warm days (e.g. d 15 ). * 

The demand at the hour 20 h-21 h, being to a great extent of 
domestic origin, is depicted in Fig. 6(a). The temperatures of 
the particularly warm days w 8 , t n and f I2 (compare temperature 
curve in Fig. 5) in conjunction with the times of sunset thus enable 
the fighting-demand curve to be developed with particularly good 
accuracy. Here, the whole of the excess over the latter curve, as 
well as over the extensions formed on both sides by the line of 
basic demand, can be attributed to space-heating. It is note¬ 
worthy that even June and July evenings may bring about a space¬ 
heating demand of the order of 30 to 50 MW faee t u f u f 2 , m 5o 
and f 51 ). 

* The line designated “Regular space-heating deifiand” indicates 
the level of space-heating demand sustained during the cold 
season, independent of temperature variations. * Nearly 50 MW 
may thus be attributed to electric space-heaters used consistently 
every evening in winter. c,. • ■ 

Fig. 6(b) shows how little seasonal variation accompanies tiie 
hour 1 h-2 h. The outstanding feature is E, i.e. an all-night 
demand of about 46 MW due to domestic space-heating for the 
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Month 


Fig. 7.—Seasonal variation of the demand at (a) 12 h—13 h, and 
( b ) 20 h-21 h on Sundays. 

prevention of pipe-freezing. The serrated shape of the curve 
may be explained by the absence in the night from Sunday to 
Monday of a 3-shift power load of approximately 10 MW. 

Finally, two specimens of Sunday curves are reproduced in 
(a) and (b) of Fig. 7. Since there are intervals of one week 
between adjacent points, waves and ripples are now much 
steeper. In the curve for the hour 20 h-21 h the “regular space- 
cheating demand” is only of the order of 35 MW. The curve 
"relative to the hour 12 h-13 h is further developed in Appendix 
10.3. 

The basic temperature, i.e. the level below which the various 
seasonal demand curves become temperature-sensitive, seems to 
be between*60° F and 65° F. The lower value applies to the 
morning. 

From the curves shown the following characteristic working- 
days have been picked out :— 

(i) A cold-snap day (w 25 ). 

(ii) An ordinary cold winter day (f 27 ). 

(iii) A relatively mild December day (w 24 ). 

(iv) An unseasonably warm November day (f 18 ). 

(v) A mild October evening (dis). 

(vi) A wajrm September evening (f 12 ). 'v,;. 

In Rg.*8 the corresponding daily load curves are compared 
with one Another and with the curve of the basic working-day 
(Fig. 3). The meteorological conditions as well as the hours of 
sunrise and sunset are also indicated. > * 



Time of day .hours 


Fig. 8.—Comparative working-day load curves. 

The lighting peak of the basic working-day can be associated 
with a sunset at about 21 h B.S.T. On the day f 12 the sun set 
at 19 h, so that from 20 h daylight may be assumed to have 
ceased and lighting demand to have been at its full value; and 
although, in the course of the evening, the outdoor temperature 
will have fallen somewhat below the value of 70° F recorded at 
19 h, only a very small amount of “fireside” heating may be 
expected. Thus the demand values for the period from 20 h to 
24 h of the day f 12 may be taken to consist of basic demand 
plus lighting demand, with a trace of space-heating demand. 

On the mild October evening d 15 , however, space-heating 
demand was obviously higher, but with sunset at 17.14h the 
hours 18 h-19 h and 19 h-20 h were also-completely dark. The 
exceptionally warm November day *18 showed a small increase, 
mainly due to space-heating, over the basic day all through the 
daylight hours, and in the evening still more space-heating than 
d 15 . With the sun setting at 16.30 h complete darkness has now 
virtually reached the hour 17 h—18 h, and allowing for a space- 
heating demand of 10 to 15 MW during the daylight hours, rising 
to 30 to 40 MW in the evening, the shape of the load curve of 
this extraordinary day is characterized by the demand due to 
lighting. 

By utilizing seasonal demand curves and daily load curves in 
conjunction, it is thus possible to develop approximate load 
curves for the maximum normal lighting. load for Sunday, 
working-day and Saturday, as illustrated by Fig. 9. 



Fig. 9.—Lighting load: characteristic daily load curves. 
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If it is now assumed that the difference between the total load 
curve for a cold winter day and the combined curve of basic 
demand and lighting-demand represents the demand due to space¬ 
heating, characteristic daily load curves of the space-heating load 
can be derived. 

Fig. 10 shows some of the results. The curves for the three 
“ordinary” cold days are not strictly comparable, since the 
meteorological conditions were not equivalent. 


the selected characteristic daily load curves? and the probable 
lighting-demand curves inserted, three statements, illustrated for 
working-days by Table 5, can be prepared. 

In this hour-by-hour analysis the bulk of the seasonal lighting 
supply, associated with the hours that are dark for a number of 
months, can be assessed fairly accurately. The rest cannot be 
estimated without a certain amount of guesswork. Table 6 
gives the overall figures. 




S: Sunday 

__i 5: Saturday 1 1 

— I l l-1* 5 ^ W: Working-day , 

| J I Wc: y - " (cold snap) | 

°0 2 4 6 S 10 12 14 16 18 20 22 24 

Time of day, hours 

Fig. 10 .—Space-heating load: characteristic daily load curves. 

As a general inference it can be stated that on cold days the 
space-heating load produced by the system in question showed 
two distinct peaks, one in the morning (8 h-9 h on working-days) 
and one in the late evening (22 h-23 h, obviously due to bedroom 
heaters), and that the two peaks were virtually of the same order 
of magnitude. On working-days there was an almost sym¬ 
metrical valley between the morning and the evening peak. 

Reverting to the task of apportioning the annual seasonal 
supply as between lighting and space-heating, after the 3 x 24 
seasonal demand curves have been analysed in conjunction with 

Table 5 

. Apportioning of Total' Supply 


Days 

Basic 

Seasonal 

Total i 

Lighting 

Space¬ 

heating 


kWh x 10® 

kWh x 10® 

kWh x 10° 

kWh x 10® 

Working-days .. 

485 

56 

138 

679 ! 

Saturdays 

82 

10 

27 

119 

Sundays ... .. 

59 

9 

23 

91 

Total .. .. 

626 

75 . 

188 

889 


Actually, the seasonal supply contains more than the two com¬ 
ponents hitherto considered. It may be sufficient to take into 
account only the seasonal component of the supply to power- 
station auxiliaries, and to deduct the corresponding 10 X 10 6 kWh 
(see Section 6.3.1) in equal parts from the values computed for 
the lighting and space-heating components. This leaves 
70 x 10 6 kWh for the former and 183 x 10 6 kWh for the latter. 

* (6.3) Basic Supply 

As already mentioned, the analysis of the basic portion of the 
total annual supply is two-dimensional, i.e. it can be confined to 
dealing with daily load curves. For the highest degree of accu¬ 
racy attainable the basic daily load curves of working-days, 
Saturdays and Sundays would have to be analysed in detail. 
However, all practical purposes, can be served by confining this 


Working-days 



to the average working-day (Figs. 11 and 12), and considering 
Saturdays and Sundays only when calculating daily con¬ 
sumption. 



Time of day, hours 


Fig. 11.—Principal component loads. a 

. C: Domestic cooking. P: Industrial power, 

H: Space-heating, ordinary cold day. T: Traction. 

H c : Space-heating, cold-snap day. * W: Domestic water-heating. 

L: Lighting. . 

. C 

(6.3.1) Power-Station Auxiliaries. o ’ * * 

Out of 40 x 10 6 kWh, about 30 x lOf may be cotf$idered to 
v be included in the basic supply, the corresponding demand being 
1 ofthe order of 5 MW. ' \ - '■ 
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3001—*--— 

w 2 5 : 2H2-I938 
280 f 27 :6-1-1939 



0 2 4 6 8 10 12 14 16 18 20 22 24 

Time of day, hours 

Fig. 12.—Sub-divided working-day load curves. 


A: Power-station auxiliaries. 

C: Domestic cooking. 

H: ^Space-heating, ordinary cold day. 

: Space-heating, cold-snap day. 

I: Constant losses. 


L: Lighting (PL: Public lighting). 
M: Miscellaneous. 

P: Industrial power. 

T: Traction. 

W: Domestic water-heating. 


(6.3.2) Constant System Losses. 

As expounded in Section 4, the constant power losses are taken 
as having a mean value of 6 MW. 


load curve was derived and redrawn on the basis of an m.d. of 
25 MW (Fig. 11). 

(6.3.4) Domestic Cooking and Water-Heating. 

Load synthesis provides the means of deriving the estimated 
daily load curves relative to domestic cooking and water-heating. 

From the load curve for the basic Sunday (Fig. 3) it can be 
seen that the midday peak exceeds the steady afternoon demand 
' by 42 MW. Allowing for water-heater demand—which will be 
shown to be comparatively small—this value corresponds to an 
A.D.M.D. (after-diversity maximum demand) of about 0*9 kW 
per unit of the 43 000 cookers. Another indication is furnished 
by the difference in the demand associated with Easter Sunday 
an4 Monday, or Whit-Sunday and Whit-Monday (provided 
weather conditions are not too dissimilar). Fig. 14 shows peak 
differences of 24 and 27 MW respectively. These values give 
an extra A.D.D. per cooker of nearly 0*6kW, which can be 
attributed to oven demand (joint roasted on the first day). With 
these indications as to the character of the cooking load involved, 
the A.D.D. values stated in Table 7 have been estimated.* The 
values relative to water-heaters have been derived from the in¬ 
formation contained in E.R.A. Report Ref. K/T105,f which 
refers to circulator-type heaters, so that adjustments had to be 
made to take care of the probable actual composition of the 
15 000 water heaters connected to the system under consideration. 

Annual consumptions, including losses as in Table 4, have 
been estimated as shown in*Table 8. 

The total cooker consumption per day would work out at about 
165 000 kWh; but since the consumption on a Sunday is, perhaps, 
twice as high as that on an ordinary weekday, the average 
working-day consumption is taken as 150 000 kWh. Average 
total daily consumption of water-heaters results as 62 000 kWh. 
No adjustment for Sunday consumption appears necessary in 
this case. Since the use of washboilers is almost exclusively 
associated with Mondays, the corresponding consumption is not 
averaged out. 


Table 7 

Cooker and Water-Heater Demand (Average Working-day) 


Cookers 


Water-heaters 



8 h-9 h 

12h~13 h 

17 h—18 h 

21 h-23 h 

A.D.D. per unit, kW 

0-2 

0 6 

0-25 

0-1 

Total demand, 

MW 

9 

26 

11 

4 

A.D.D. per unit, kW 

0-35 

0-25 

02 

0-25 

Total demand. 

MW 

5 

4 

3 

4 

./•/.■ MW 

... 14 .. 

30 

14 

8 


Combined total demand . .. .. . . MW 14 

(6.3.3) Tjaction. 

The traction load, being due to a single consumer (L.P.T.B.) 
and a limited number of substations, can be dealt with com¬ 
paratively easily. In the total of 92 X 10 s kWh (Table 4) rail¬ 
ways and trolleybuses share approximately equally. The actual 
load factor of the railway supply was 33*7%, based on the usual 
half-hour demand-integration period. The influence of the 
additional trolleybus supply, which is given through various 
independent substations, may be expected to improve the load ( 
factor of the combined supply. Expressed on the one-hour basis 
used throughout this analysis, the combined annual load factor is 
estimated at 38%, giving an m.d. of 27 MW. As this applies 
to a winter da# the m.d. of the basic traction load curve is taken 
as 25 MW. From typical daily load curves of individual trolley¬ 
bus and railway substations the estimated shape of a composite 

^ " o'V:-/':” 


Tables 


V . \ 1 

Appliances 

Annual 
consumption 
per appliance 

Total annual 
consumption 


kWh 

kWh x 10“ 

Cookers .. 

1 500 

64-5 

Water-heaters .. 

1500 

22*5 


350 

4*0 


With these assumptions as to AD.D. and daily kWh the load 
curves for cooking and water-heating load can now be plotted 
(Fig. 11). v : 

* All demand figures are deemed to include power losses in conductors. . 

: t Bolton, D. m- “The Measurement of Water-Heater Diversity by .Superimposed 
'Control” SournalhE.E., $43, 91* I^Trp. 60, 

29 
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(6.3.5) Industrial Power. 

Of the total of 231 x 10 6 kWh (Table 4) allocated to industrial 
power supply, some proportion must be considered to have been 
used for seasonal lighting and space-heating purposes. From a 
study of the curve of weekly sales this proportion is estimated 
to be of the order of 10%, so that roughly 210 x 10 6 kWh are 
left to be treated as “basic.” 

The 3-shift load of 10 MW mentioned in connection with 
Fig. 6(b) may be assumed to have existed from Monday, 7 h, till 
Saturday noon of each normal week. Allowing one week for 
holidays, etc., this corresponds to 64 x 10 s kWh per year. 
Supposing, further, that there is a constant component of 2 MW 
due to plant running entirely without interruption, another 
17 x 10 kWh can be allocated. The remainder, 210 - (64 + 17) 
~'29 X 10 kWh, can be attributed to 1- and 2-shift operation. 
With 51 weeks and 5i working-days per week this gives a daily 
average, of 460 000 kWh. If this were due to a single shift of 
9 hours duration, associated with constant demand, the latter 
woodwork out at 51 MW, to which would have to be added 
the (10 + 2) MW of the two other components, making 63 MW 
altogether. 

In practice, however, there is to be considered the effect of 
staggered working-hours, overtime, 2-shift operation, etc. The 
demand figures just developed have therefore been taken as an 
indication of order of magnitude only, and the estimated daily 
load curve of the industrial power load has been developed by 


an estimated further 5£ MW attributed to other all-night lighting,* 
the supply under the head of (b) works out at about 18 x 10 6 
kWh. No -rational guess can be made regarding (c), arid a 
token figure of 5 X 10 6 kWh is used. Thus the total that can 
be allocated to “basic” lighting is 65 x 10 6 kWh. 

(6.3.7) Miscellaneous Basic Components. 

The area between the load curve for the basic working-day 
and the collective load curve of the components dealt with in 
Sections 6.3.1 to 6.3.6 can be associated with a number of mis¬ 
cellaneous loads, such as those due to small domestic appliances 
commercial motors, all-day lighting, etc. 

Estimating the average annual consumption due to miscella¬ 
neous domestic applications at 120 kWh per consumer (including 
losses as in Table 4) the total annual supply under this head 
works out at 46 x 10 6 kWh. The corresponding demand may 
be assumed to be spread over the length of the daily period of 
activity in the house. 

There remains a balance of 42 x 10 6 kWh, attributable fo 
commercial power consumption and miscellaneous other uses not 
specifically accounted for. The figure appears quite "possible, 
and confirms the comparative correctness of the sub-division 
made. 

(7) RESULTS 

The principal results of the analysis are given in Figs. 11 and 
12, and Table 9. In the latter, the m.d.'s of the basic loads 


Table 9 

Results of Analysis 



Number of kWh 

Maximum demand* 

Load factor* 

Peak hours 

Including, excluding, cold snap 

incl. 

excl. 

incl. 

excl. 

incl. 

excl. 

Total supply 

Seasonal supply 

Seasonal lighting .. 

Space-heating ... 

Miscellaneous . 

Basic supply. 

Station auxiliaries 

Constant losses .. 

Traction .. .. .. 

Domestic cooking and water-heating .. 
Industrial power .. 

Basic lighting 

Miscellaneous 

Total lighting .. .. 

kWh x 10 # 

889 I 882 

263 | 256 

70 

183 176 

10 

626 

30 

50 

92 

91 

210 

65 

89 

135 

MW 

303 1 256 

202 | 158 

85 

160 | 100 

113 

5(10) 

25(27) 

30(33) 

53(60) 

20 

85 

33J 1 39J 

15 | 18J 

9 

13 | 20 

63 

42(38) 

35(31J) 

45(40) 

39 

18 

h 

8-9 1 17-18 

8-9 | 17-18 

17-18 

8-9 | 22-23 

11-12 

8-9 18-19 

12-13 

8-12 14-17 

17-18 

r 

* Based on 1-hour demand-integration period. 



fitting it into the shape of the load curve of the basic working- 
day, taking into account the more reliably estimated load curves 
of other components (traction and domestic cooking), and bear¬ 
ing in mind that the area under the resulting curve must corre¬ 
spond to 750 000 kWh (460 000 + 12 000 x 24). 

(6.3,6) Basic Lighting. , . 

The lighting component contained in the basic supply may be 
sub-divided into (a) a portion associated with the residual evening 
peak of the basic days (see Section 6.1), (b) a portion associated 
with the hours from midnight to dawn, and (c) a portion due to 
lamps switched on in daylight all the year round. The con¬ 
sumption (including losses as in Table 4) relative to (a) works 
tnit nt^ x lO^kWh. One element of (b) is the demand for 
puMic fighting. With 14 x I0«kWha year and a load factor of 
45 % an average demand of the order of 3$ MW results. 1 Adding 


may be regarded as averages of a number of actual m.d.’s, 
according to the process of averaging employed in ther corre- 

^Anffr Ing . C0 '? putatl0ns -. As the resulting load factors do not 
conform to the conventional definition, which is based on the 
f“ ua f ! ® stim fte d values of actual m.d. and corresponding 
J 36 ? 11 added 111 brackets. In the case of the 
t r he da * ly JP- d -’ s va ry appreciably in the course of 
aehiai^rrwt Too/ this , has been considered by assessing the 
uSrLwT higher than the mean value. Taken by itfelf 

w . - , T'" 8 , °t d rT d have t0 be Judged ^ its Sunday m.d., 
which may be higher by something like 50%. 

JUrr* ° f f ctual m.d. of the industrial power-load is 

demand dT YT-T ^ does not consider seasonal Sxfta 

emand due to lighting and heating at the power rate. * 

loadtodrop P “yabou°t f 10 h MW. CkOUt “ the secondhalf of 1939 caused the all-night 
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The space-heating load has been considered on the basis of 
two alternatives, with and without cold snaps, the difference of 
7 x $0 6 kWh being derived from the excess of the total supply 
during ijie cold-snap (25th) week over that during the not extra¬ 
ordinarily cold 28th week. 

It would, of course be desirable to sub-divide the lighting and 
space-heating figures further, especially among the classes of 
domestic, commercial and industrial consumers. 

As to lighting demand, the load curves in Fig. 9 give some 
indication by showing the probable difference between working- 
day and Sunday demand. But while it can be assumed that the 
excess of the former over the latter is due to commercial and 
industrial consumers, the domestic lighting demand between 
17 h-18 h of a working-day is probably lower than the corre¬ 
sponding Sunday demand. In a smaller system some idea of 
the demand for internal shop lighting could have been derived 
from the difference between normal working-day and early- 
closing-day load. 

Owing to the dearth of statistical material relative to sub¬ 
division of commercial and industrial consumption, a rational 
attempt at further sub-division must be confined to the domestic 
supply. Out of the total of 352 x 10 6 kWh (Table 4) there has 
been allocated 137 x 10 6 kWh to cooking and water-heating (91) 
and miscellaneous basic uses (46), leaving 215 x 10 6 kWh for 
lighting ai*d space-heating purposes. Assuming an average con¬ 
sumption for purely lighting purposes of 150 kWh per domestic 
consumer, the corresponding total works out at 63 x 10 6 kWh, 
which leaves 152 x 10 6 kWh attributable to domestic space¬ 
heating. Thus:— 


Total lighting supply 

kWh X 10« 

.. 135 

Public lighting 

.. 14 

Private lighting 

.. 121 

Domestic lighting .. 

.. 63 

Other lighting 

.. 58 

Total space-heating supply .. 

.. 183 

Domestic space-heating .. 

.. 152 

Other space-heating 

.. 31 


The inference would be that the supply taken by commercial 
and industrial consumers for lighting purposes was almost 
double that for space-heating purposes, whereas in the domestic 
supply the relation was reversed. 

On the basis of the data used the average annual consumption 
per domestic consumer can be broken up thus :-— 

^ kWh 


-> 

per consumer 

% 

Lighting 

.. 150 

18 

Miscellaneous small appliances 

.. 110 

13 

Cooking and water-heating 

.. 215 

26 

Space-heating.. .... 

.. 365 

43 

Total . . ,. 

... 840 

100 


The Sunday lighting curve in Fig. 9 shows a maximum of 
62 MW. With a deduction of 17 MW due to public lighting, 
other non-domestic lighting and correction for station-auxiliaries 
demand, the corresponding A.D.D. per domestic consumer works 
out at approximately 0* 120 kW. 

Atacording4o Fig. 10 the demand due to space-heating at 
22 h-23 h of a cold-snap day was of the order of 150 MW. 
Allowing, say, 20 MW for non-domestic space-heating demand 
and byway of correction for higher lighting demand, the result 
is 0*340 kW per domestic consumer; , 

From Figs. 3(a) and 1(b) it can be seen that the space-heating 
demand existing at ; 20 h-21 h throughout the entire cold season 
.was of the order Of 50 MW on working-days and 35 MW: on 


Sundays. Allocating 45 MW of the former and the whole of 
the latter to domestic space-heating, which at the particular 
time consists almost exclusively of living-room heating, and 
assuming an average input of 2-2 kW (including system losses) 
per electric fire, it can be deduced that roughly 20 000 domestic 
consumers on working-days and 15 000 on Sundays used electric 
living-room heating consistently. , These figures correspond to 

5% and 4 % of the total number of domestic consumers. 

> 

(8) CONCLUSION 

It is of some interest to reflect that if there had been no lighting 
or space-heating load, the collective load factor would have been 
airound 56%.* Addition of the lighting load lowers this to 
approximately 44 %f, and the further addition of the space¬ 
heating load results iri the actual value of 33-J- % (39£ %, excluding 
cold-snap). The respective increments in total number of kWh 
supplied are 30% and 29%. 

The load factor of the space-heating load on the system investi- 
gated seems to be lower than that of the lighting load; at the most 
it is of same order of magnitude. 

The daily load curve of the space-heating load produced by a 
cold day shows two virtually equal peaks, one between 8 h and 
9 h and'the other between 22 h and 23 h. The latter, caused by 
bedroom heating, is harmless because of good diversity in respect 
of the lighting peak. It is the morning peak that may give rise 
to alarm. Once the total system load is transformed to reach its 
maximum at that time, any further disproportionate increase in 
space-heating load is bound to impress its inherent low load 
factor on that of the collective load. 

With the cooker saturation at 11 % the midday cooking peak 
is still well absorbed by the lunch-time dip in the factory load. 
Disregarding cold-snap conditions, the highest Sunday-midday 
demand was 170 MW, and the highest working-day demand 
256 MW, leaving a margin of 86 MW. Supposing that each 
additional cooker adds 0 • 9 kW to the Sunday peak and 0 • 25 kW 
to the working-day peak, about 130 000 more cookers could be ' 
connected until the Sunday peak reached the working-day peak 
(providing all the other component loads remained unchanged). 
The corresponding total cooker saturation would be 45 %. 

A striking feature is the insignificance of the wate^-heating 
load. It was responsible for less than 3% of the total kWh 
and only 2% of the total m.d. Since both electric cooking and 
water-heating represent basic supplies, the importance of their 
cultivation is manifest. 

The overall load factor of the domestic load involved cannot 
be estimated with any great accuracy. The m.d. occurred 
between 8 h and 9 h. The corresponding demand due to cooking 
and water-heating was about 15 MW. Miscellaneous small 
appliances may account for 5 MW. There remains to be 
allocated a total of 192 MW (cold-snap) or 134 MW (ordinary 
cold morning) attributable to lighting and space-heating. Allow¬ 
ing 20% for non-domestic sources, which appears generous, 
154 MW and 107 MW, respectively, would be chargeable to the 
domestic load, making totals of 174 MW and 127 MW, respec¬ 
tively. The corresponding energy figures are 352 and, say, 
346 x 10 6 kWh, respectively, and the resulting load factors 23% 
(with cold-snap) and 31 % (without cold-snap). These figures 
t^ly; wifii previously-expressed opinions. 

kWh x I0« 

* Actual basic supply .. . . • 626 

“Basic” lighting 65 

. : Reduction in constant losses ,. 25 90 

/•; i.; ■ 536; m.d.: 100MW 

t Actual basic supply ... .. 626. 

“Seasonal” lighting .. .. 70 

■; 969; m.d.: 180 MW 
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Further work on the line of load research thus initiated should 
comprise:- . l0C te S un M [~0 II fl 

™ i . ar analyses to be carried out on smaller systems where 80 5.** II s !«l -- p- 

more details can be obtained as to the actual uses to which the 1 

energy sold has been put; also on systems with different charac- 3= 60 d 

eristics and composition of the consumption; and analyses -_ 

covering periods of several successive years. g v *4 

inrtnL^ff lySeS ° f the consum P tion of individual commercial and 1 20 ~ dtz ~ 

. industrial consumers, especially in respect of use made for ° _| 

ligntmg and space-heating purposes. Easter 

a of the lo ad due to uniformly equipped blocks of 20 M -~ 

flats and housing estates, particularly with continuous recording o I—I—LJ 1 zMaZ&z I _ 

or tne component loads over extended periods 0 2 4 6 8 10 i+ >6 ia eo 22 

(d) Synthesis of hypothetical collective loads, on the basis of Time ° f day ’ houra 

varymg magnitude and nature (e.g. all-electric versus coal-electric g ' 14DllTerence m cpoking demand on successive 

space-heating) of components (after the characteristics of the (a) Whitsun - ») Eastc >-- 

haV f more firmiy esta Wished) so as to 00 By way of supplement when the outdoor 

nna tne optimum goal of development. is low, 

science MtaW 1 ^ Wlth . th c u ( ° fk ^ nder ^ would have t0 g0 a ® ° utside the periods in which solid-fuel fi 

" establishment of bases for calculating and comparing (*) Bedrooms. 

mand mS P ar ‘ IC . U,arly m “nnection with growth of de- W Any other rooms, to prevent frost damage in se- 

(9) ACKNOWLEDrMFNT demand ’ tiiat ^ ue to WOO by ripples such as G 

Wua™, IWch itaOMS* f„ r pe™,o„ to pilblish thls patera™ E. Jfedroom ta&S ») raj 

the morning peak of the daily load curves given in ] 

00) APPENDICES; SUPPLEMENTARY WOP.W.ON l»£3S3^££KEl?lZ££Z 
°'*) Btghtmg Load the load on a cold-snap day, t 23 , an “ordinary” cole 

Z a r °/ COmp£Llis ? n Fig - 13 shows the disappearance of the • d wiater day > w 24 , and the basic-cum-lighting lo; 

residual lighting peak bn a summer day when Double Summer m T Fl ®:. 12 - 


iiBIIBgtHSg— 


o 2 4 6 8 10 12 M- 16 l& 20 22 24 

Time of day,hours 

Fig. 14.—Difference in cpoking demand on successive holidays. 

(a) Whitsun. (b) Easter. 

(ii) By way of supplement when the outdoor temperature 
is low, 

/in ^ ° utside the periods in which solid-fuel fires are used 

(o) Bedrooms. 

(c) Any other rooms, to prevent frost damage in severe weather. 

Referring to Fig. 8(a), for instance, the load due to (a)(i) is 
represented by the area under the line “Regular space-heating 
demand ; that due to (a)(ii) by ripples such as G and J; that 
attributable to (u)(iii) by the big protuberances N, £, etc.; and 
the extra load due to (c) by the top two-thirds of the very large 
protuberance E. Bedroom heating (b) may have some part in 
the morning peak of the daily load curves given in Fig. 10, and 
is defimtely responsible for the late-evening peak to be seen there. 

or “^her elucidation Fig. 15(a) shows the differences between 
the load on a cold-snap day, t 2S , an “ordinary” cold day, C 27 , a 

mild winter day, w 24 , and the basic-cum-lighting load curve as 
m Fig. 12. 

t ]li three stages of space-heating load, indi- 
in Fig. 1 5(a) by different shading, are reproduced separately, 
regularities obviously due to variations in outdoor illumination 

80 - 




0 2 4 6 8 10 12 14 16 18 20 22 24 

Time of day, hours 

Fig. 13.—Typical load curve for a summer day with Double 
Summer Time in operation. 

Time was operative. The effect of the later sunset is here 
accentuated by the blackout. s nere 

(10.2) Cooking Load 

shows the daily load curves for Whit-Sundav -> 
and Wlnt-Monday (m 48 ) in comparison, and separately the ex¬ 
cess in demand, which is similar in character and magnitude to 
the corresponding Easter curve given in Fig. 14(6) § The in¬ 
formation provided has been referred to in Section 6.34 

(10.3) Space-Heating Load 

(a) Living-rooms:— 5 

S source of heat throughout the whole 




^ t 25 ; 20-12-1936 

•140 d 2? : 5-1-1939 
14-12-1938 
25 

120 7TT—1—rfi 


Regular-space -heatino load. 


"•••. ? * 6 3 10 12 14 16 18 20 , 22 24 

,. Time of day, hours '■; e ■ ' 

Fig. 15.—Winter space-heating, 

(a) &<maMon characteristic days. 

(femaad and casual increments. 
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Fig. 16.—Post-winter space heating. 

(a) Chilly May day. (6) Cool June evening. 


being eliminated, i.e. only indicated by dotting. On the day w 2 4 at about 65° F, which may be called the “basic temperature.” 
[Fig. 15(6)] the load was clearly of the type (a)(i) with a fairly The linear relation between temperature and demand is obvious, 
constant forenoon level,* some drop in the early afternoon, and Force of wind seems to have relatively little bearing. Some of 

a “fireside” peak between 20 h and 21 h. The cold day d 2 7 the scattering may be attributed to variations in lighting de- 
[Fig. 15(c)] brought morning and late-evening peaks, the former 
of (a)(iii)*ind the latter of (b) origin; and an all-day addition 
attributable to (a)(ii). The large extra demand on the cold-snap 
day t 25 [Fig. 15(c/)] was nearly constant throughout the hours of 
human activity; in the symbols introduced above it may be 
classified (a)(ii) and (c). 

The kind of space-heating load classified as (a)(iii) is further 
illustrated by Fig. 16. Section (a) demonstrates the existence of 
a sustained all-day demand on a rather chilly May day, with a 
maximum of about 60 MW between 20 h and 21 h. This value 
had to be estimated, since the actual difference, shown dotted, 
seems to contain some lighting demand due to a difference in 
outdoor illumination. From section (b) of Fig. 16 can be seen 
the building-up and dying-down of the “fireside” load accom¬ 
panying a cool evening in June; the m.d. again occurs between 
20 h arid 21 h. Note also the general similarity to the bottom 
curve in Fig. 15(a), and the fact that while the “regular” type of 
space-heating demand had a maximum of about 50 MW, the 
casual demand on a cold-snap day reached something like 
150 MW. 

Fig. 17 is developed from Fig. 7(a) by plotting the difference 
between the individual values of total demand and corresponding 
basic demand against outdoor temperature. Each point also 
indicate^ the corresponding weather conditions, but for con¬ 
venience only the force of the wind is given, all arrows being ar¬ 
ranged horizontally. The straight line is derived by calculating mand, although at midday the potential demand from this 
the most probable straight-line equation. It intersects the x-axis source is relatively small. The form of representation adopted 

may prove useful in future investigations into the characteristics 
S pa*ihSgioad me in mind that there * a “ mi “ prwortion of commercial “d of the space-heating load. 

DISCUSSION BEFORE THE INSTITUTION, K»TH IVtARCH, 1944 

Mr. W. N. C. Clinch: The paper is of particular interest. The instead of hourly; this produces a very interesting change in the 
information collected by the author naturally relates mainly to shape of the curves in the paper, in which again some hypothesis 
pre-war days, yet he givesuseful pointers for ascertaimng different ;is involved. I should like to refer the author to a paper at the 
potential load demands under different conditions. In several 1935 National Convention on Domestic Electrical Development 
respects, however, I think that the author’s hypothesis is some- where the actual loads in certain areas were taken; there was then 
what , questionable. For instance, in Section 3 he refers to the no question of hypothesis, because the curves were the true load 
“highien level of income.” Itisdifficult^ ' curves* for areas under different conditions. 

totieSne a lev^ of income; I suggest that what the author means On the question of seasonal supply, it is very difficult to relate 
is a higher level of revenue. temperature alone to the demand for space-heating. T have 

Since the author’s three-dimensional models were prepared, a known an jnstoce where with the same temperature there was a 
•change has been made in that loads are now taken haif-hourly difference in load of 30 000 kW, owing, first, to the psychological 






.-Sunday-midday space-heating demand as a function of 
outdoor temperature. 
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effect of sunshine in the one case, and, secondly, to a difference 
in the relative humidity, namely 79% and 48% respectively. 

Another interesting point is that the author has taken the con¬ 
nected load into account. I cannot understand how anyone can 
say honestly what the connected load on any electrical system is. 
The consumer can buy whatever apparatus he wishes and from 
numerous shops without record, so that the statistics of con¬ 
nected load have no true bearing on the load which is con¬ 
nected. For example, it Is assumed that there are 60 000 to 
100 000 kettles, which can be represented as equivalent to 
100 000 kW of load, if there is no diversity and all kettles are of 
1 kW loading. One wonders how far it is possible to go when 
so many hypotheses are made. Regarding water-heating it is 
not correct to refer merely to water-heaters, because they have 
different ratings and may be thermostatically controlled or 
otherwise, so that the effect of water-heating as such is itself a 
hypothesis and it se6ms dangerous to make any assumptions 
regarding it. 

There is also the difficulty of assuming what effects wireless 
receivers have on the load. I think the Central Electricity Board 
is aware of the peculiar effect produced by particular artistes 
broadcasting at certain times. 

In Section 8 the author refers to his “after-diversity maximum 
demand.” I think we ought to ask the British Standards In¬ 
stitution to give us a more compact term to take its place. He 
assumes that the cooker load comes on while the industrial load 
is low, but that is not so. 

If the load were to be developed to the extent the author has 
suggested, it would apparently be necessary to allow, on his figure 
of 0-9 kW per cooker, the connection of nearly 100 000 more 
cookers. The shape of the Sunday curve, in particular, would 
then be out of proportion (although he does not say so) with the 
weekday peak load, and that in itself is a problem which should 
be considered. It is a question, therefore, of developing other 
uses of electricity which in themselves can be controlled, so that 
- such . vei Y Peaks, whether due to cooker load or to water- 
heating load, or to any load which has a characteristic which may 
m itself become high, can be themselves controlled. 

' ft * s > of course, very difficult to overstress the space-heating 
load. The potential space-heating load is a very real problem 
and has to be faced throughout the supply industry. This aspect 
of the matter must be borne in mind. A switch is a very simple 
device, and by use can give comfort without any bother in pro¬ 
viding it; therefore the time must come when the author’s curves 
change their shape and he must reconsider his deductions in the 
light of the future and not of the past. 

Mir. D. J. Bolton: It is unfortunate that losses are included in 
the. author’s calculations and then, with great trouble and ex¬ 
pense, are extracted again later. * A second misfortune is the use 
of hourly instead of half-hourly readings. When the load is 
changing rapidly, e.g. at about 8 a.m., much closer readings are 
essential for any accurate plotting of the load curve. One can 
see what a different shape the curve might have followed had the 
hourly readings been taken at 8.30 and 9.30 a.m., instead of at 
8 and 9. This element of fortuity could have been reduced to 
about one-third, if half-hourly instead of hourly readings had 
been taken. 

The author has employed the very ingenious device of taking a 
cross-section so as to get a third dimension, which he uses to 
build up a three-dimensional load model. The deductions made 
however, rest on several father important assumptions, and in i 
particular on the assumption that what he calls the basic load is i 
entirely due to certain specific loads which are constant through- 1 
out the year at particular hours of the day. 

That is one interpretation of the basic line, but another and i 

equally vahd intejpteMtioin is that it is made up, in part at least i 


5 of two or more complementary loads. I do not see any method 
in the author’s technique for separating these two sources, both 
- of which produce a certain amount of level, so-called basic ’effect. 

i In other words, the effect of a summer load, if such a load existed 
• would be to obscure the corresponding amount of winter load’ 
t and the two together would produce a straight line. Starting 

■ with this straight line and analysing backwards by the author’s 
method, there would be no means of discovering whether the 

i line was due to one persistent load or to two or more comple- 
> mentary loads. The footnote to Section 5 does not seem to 

■ recognize this state of affairs adequately. 

Doubtless the author has sound reasons for ass uming that in 
the particular case he analyses there is no such seasonal summer 
load, but if his method is to be extended and used elsewhere, as 
it doubtless will be, I think consideration should be given to 
certain specific summer loads, such as refrigeration, air-con¬ 
ditioning, and some rural loads. There are also the “sponsored” 
summer loads, such as that due to immersion heaters grafted on 
to coal-fired boiler systems and encouraged by the 3-units-a- 
penny-in-the-summer type of tariff. The only way out of the 
impasse which I can suggest is that more should be measured and 
less left to conjecture. As many measurements as possible should 
be carried out, and the residue then analysed by the author’s 
method. This would leave a much smaller margin for con¬ 
jectural error. 

In Section 10 more could be done by the method of differences 
as by plotting the difference in a particular area between say’ 
the average Wednesday load and the average Thursday load when 
one of those days is an early-closing day. 

Mr. C. J. O. Garrard: As the wealth of this country depends 
entirely on our fuel resources, conservation is extremely'im¬ 
portant. True economy in the use of coal and in the building 
of power plant can be obtained only by national planning based 
on a thorough knowledge of the load and its variations This 
paper is valuable for the way in which it shows some'of the 
difficulties which may arise if load development is not based upon 
accurate knowledge and is not directed towards rational ends. 
Thus electrical space-heating is certainly very convenient for the 
householder and may be very economical from his point of view 
Supply authorities have in the past regarded it as a lucrative 
load, which they have done their best to develop. But the 
author shows that in the system he investigated, the use of elec¬ 
tricity for space-heating during a cold snap, while it increased the 
units sold m the year by less than 1 %, yet increased the maximum 
demand by over 18%. 

. As normal maximum demands for lighting and space-heat- 
mg are 85 and 100 MW respectively, while the maximum demand 
per consumer for lighting is unlikely to exceed 500 watts as com- ’ 
pared with the kilowatt rating of the usual small electric fire, one 
may infer that somewhat less than 50% of consumers used elec¬ 
tric heating at all and most of them only on a small scale. This 
bC checked b y considering that a maximum demand 
of 100 MW represents, say, 100 000 fires each of 1 kW, while the 
number of consumers is 384 000. 

It follows that if the country-wide campaigns in favour of 
electric space-heating had been, say, twice as successful as they 

H of meeting the peaks in the 

recent cold spells might have been much increased, or altema- 
t ‘7' W there been no war, and had additional plant beerfin- 
stalled to meet the increased peaks, a considerable capital ex¬ 
penditure would have been incurred for comparatively little 
return, regarded either from the. point of view of the. under¬ 
taking or of the public generally, » •> 

From the load curve of my own house it seems quite'likely 
mat a successful cooker campaign might increase the mornin g 
e-9 hr peak, which is already troublesome owing not only to its • 
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magnitude, but®also to the rate at which the load increases 
between 7 and 9 o’clock. 

Oiier factors which will tend to aggravate the peaks are the 
demand for speed, and thus of high loading, in domestic appara¬ 
tus and the reduction of working hours which we hope will take 
place in the not-too-distant future. * 

Mr. J. I. Bernard: The author’s paper presents an original line 
of research obviously of very great interest to the supply industry. 
But I feel that he has dealt with a little too much detail and has 
drawn wider conclusions than the data and possible sources of 
error in the method used will justify. If the paper had been 
confined to a somewhat clearer exposition of the methods which 
should be adopted in an analysis of load curves, it would have 
been more helpful to others wishing to make such an analysis; 
it would then not have laid such emphasis on the conclusions 
which relate to pre-war conditions and which may vary very 
much in the future. 

In Table 9, the load factor of the industrial load is given as 
45*%, or 40 % in a cold-snap year. This is very much higher than 
one usually associates with the industrial power load, and I am 
wondering what the possible margin of error might be. Will the 
author throw some light on this point? 

Like Mr. Bolton, I am concerned that the author has made 
no reference to the possibility of electricity being used for 
water-heating only in summer, since of ordinary domestic 
loads, water-heating is one of the most popular and frequent 
summer uses of electricity. Mr. Garrard mentioned the possi¬ 
bility of improving the load factor of individual consumers. 
Recently I examined the records kept by one domestic consumer 
who, in the interests of fuel economy, took weekly readings in a 
hoifte where electricity was used for some space-heating in 
* winter, but as the sole source of water-heating in summer. He 
found the consumption of electricity in the whole house was 
definitely higher in summer than in winter; in other words, the 
water-heater used for summer water-heating is the best counter¬ 
balancing load that we can find to the electric fire. 

Mr. G. O. McLean: This paper is an analysis of a particular 
undertaking’s load several years ago. I use the word “par¬ 
ticular” to draw attention to the danger of applying the author’s 
conclusions and results, as far as load factors go, to the general 
case. It is nevertheless an excellent example of how load can 
be dissected; but speaking as a practical supply engineer, I feel 
that the ordinary, straightforward method of comparing one, 
two or three pairs of chosen daily load curves will give similar 
results to the author’s. 

The author has described and exhibited a load model. I did 
something on these lines many years ago, and my experience is 
that the* contour plan is much easier to construct, easier to store 
and move, and much better than the load model. An example 
of the procedure may be of interest. 

Fig. A shows the contour plan for half a year of a small 
suburban load, wholly residential. We start with ordinary 
squared paper, divided up into hours along one axis and days 
along the other, in the same way as the base of the author’s 
model, but instead of cutting out cards each little thin rectangle, 
representing one day, is coloured* according to the load for each 
half-hour portion. I have merely split up the total load into 
6 gradations of200 kW each, but of course these can be increased 
to a*y number desired. Once a week, or daily if desired, the 
contours or edges of the colours are joined up, to obtain the 
effect shown, which very clearly brings out the valleys apd the 
. peak loads. This is a very rough example, but it shows the 
characteristics and trends of the load, e.g. the very prominent 
. effect of Sundays. , : 

Fig. B compares two daily load curves (winter and summer 

* * A coloured slide was shown at the meeting. 



Sundays) and shows how they can be used. This is admittedly 
the simplest case, where only two daily load curves are necessary 
to break up the load curve into its components. The basic load 
runs right through as the minimum load and is known from the 
daily readings to vary from 30 to 130 kW. The lighting load 



Hours 

Fig. B. —Residental load. January and June, 1940. i 700 
consumers. 


and its duration of about 2 hours in summer and 6 hours in winter 
is very clearly shown during the evening hours. The cooking 
load is also shown on the summer curve, while the remainder on 
the winter curve is heating. 

Fig. C gives the load factors for this residential suburb com¬ 
pared with the author’s results for the Northmet Power Co. in the 
middle column. Allowing for the fact that the Northmet has 
420 000 consumers and this residential suburb 1700 consumers 
with no industrial load, the results are seen to be quite com¬ 
parable. The “total supply” load factor is a little lower for the 


Fig. C 



* Excluding cold snaps. t On own peak. 















Relative sunspot numbers 



448 


r 

SCHILLER: AN ANALYSIS OF THE LOAD ON A MODERN ELECTRICITY-SUPPLY SYSTEM: DISCUSSION 


suburb, as one would expect. Lighting is very much the same 
(17 compared with 15-18-J-), and space-heating is also more or less 
the same; the big difference is on domestic cooking, and is, I feel, 
due as much to the different saturations as to the diversity of 
occupation and habits of the consumers. In the author’s case, 
the cooker saturation was 11%, while in this residential suburb 
it is 22%. I think that Fig. C shows that my word of caution 
regarding drawing general conclusions from the particular is 
justified. 

I agree with the author’s view on the importance of after¬ 
diversity demand. In this suburb after-diversity demand per 
consumer is 0-65 kW; the cooker A.D. demand is 1 - 7 kW, and 
the space-heating A.D. demand as low as 0*3 kW per kW 
connected. 

Mr. B. Wood: After the cold winters of 1940 and 1941 many 
articles in the Press endeavoured to show the phenomenal effect 
of space-heating in forcing up the peak. It is perhaps generally 
forgotten that the same thing occurred in 1929, only in a lesser 
degree, owing to the smaller number of electric fires then in¬ 
stalled. I believe that cold winters occur in roughly an 11-year 
cycle: following very closely the sunspot cycle, possibly with a 
slight lag. The really hard winters of the last 50 years fit into 
this cycle, the most severe in 1895, another in 1917 (22 years 
later), the next in 1929 (12 years later), and then the two winters 
of 1940 and 1941. 

The interest, I presume, in the study of load curves is to know 
what to do and to take appropriate action. Short of preventing 
consumers putting on electric fires at a particular time or inducing 
them not to do so, the only remedy seems to be to provide suffi¬ 
cient plant, which might appear to involve prohibitive capital 
cost, although if it only means putting the plant progr am me 
forward a few years this is not so serious. 

The sunspot-cycle hypothesis was brought to the notice of 
the Electricity Commissioners in 1929, and an investigation was 
made by the Meteorological Office, who doubted whether the 
thermometer readings disclosed any such cycle. However, an 
ordinary thermometer in an enclosure is not a satisfactory guide 
to conditions within a building; its time of response is too small. 
Hence, minimum readings are not a reliable indication. Other 
criteria, such as the number of days during which the tempera- ' 
ture never rose above 32° F, may also be misleading, since it is 



D.—Relative sunspot numbers and hard winters. 


characteristic of settled cold weather that there may be bright 
sunlight during the day. 

0 Communicated ): Hie curve in Fig. D gives relative surspot 
numbers over the period of interest. The notable winters for 
outdoor skating are indicated. It will be seen that trouble may 
be anticipated around 1951. It must not be inferred that cold 
days do not occur in other winters. A study of the cold-winter 
cycle can only suggest when the likelihood is greatest. Simi¬ 
larly, the date of a cold snap must be regarded as largely for¬ 
tuitous. The cold spell in December, 1938, was troublesome 
not by reason of its intensity, but because it fell just before 
Christmas at the time of normal system peak. The normal cold 
snap in early February (Buchan’s first cold period) is less 
troublesome. 

Mr. E. A. Logan: It appears to me that the paper is a means, 
to an end; a tool not a finished product. It serves to outline 
a method of separating the various types of load which go to 
make up the demand, and illustrates one point in particular, 
namely the high level of the demand due to the space-heating 
load. The question arises whether space-heating load is really 
lucrative and the paper seems to suggest that it is not. As a 
supply engineer, I would not like to part with the space-heating 
load. Therefore, while I cannot suggest a reasoned answer, I 
feel that this conclusion drawn from the paper is erroneous. 

The paper should furnish the raw material for further papers 
on tariffs and speculations whether individual items are remunera¬ 
tive for electricity undertakings. A further speculation is that, 
given a relation between temperature and variation from basic 
load (which the paper provides), it remains for the Meteorological 
Office to supply to undertakings forecasts of the weather con¬ 
ditions 12 months hence to enable load forecasts to be more 
closely related to fact. Until, however, the science of meteoro- * 
logy becomes so far advanced, the technique of the present paper 
remains analytical instead of synthetic. 

Mr.E. E. Jolly: On a first reading the paper is rather frighten¬ 
ing to a supply engineer, especially when one thinly 0 f the 
potential space-heating developments in the post-war era. The 
author apparently attempts to calculate the consumer charge 
after applying the consumer diversity. The present basis of the 
charge is a two-part tariff, and therefore the author has a perfect 
right to give us these curves and also the peak-load period, that 
is, the effect on the undertaking’s demand. From that we can 
derive the consumer charge, after applying the consumer diversity 
,.» the early days our tariffs were more or less scientific, and a 
higher price for lighting than for power was justified. The 
author suggests that tariffs should be on a scientific basis, but 
latterly I think most people will agree that unde rtaking.! have 
been getting what the consumer will pay. There is no Question 
of a consumer charge being brought in at all; it issimplya ques¬ 
tion of what we can get for the type of load. That, in my view, 
is wrong, but I do not see how it can be amended until the basis 
of charge to undertakers for bulk supply on the two-part tariff 
system is amended. 

Iam not so concerned about the space-heating demand, and I 
have great hopes for it in the post-war years, because generally 
speaking most people with electric fires are at present using them 
as a luxury. We have not got down to the everyday consumer 
with a fire. The education of the public will be not to use their 
electric fires so much in the winter, but to use a coal fire, and to 
use an electric fire when we want it used, i.e. in the spring, suriuner 
and autumn. The curve will be altered very much after the war 
and will also change according to the situation of tfie various 
o^ertelongs, Half-an-hour out of London the demandVqwite > 
different from that in London; nine miles out r of London it 
comes a quarter of,an hour after the industrial peak, but in 
London it is righton it. In co-operation with the C.E.B., 
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I think we can overcome the space-heating problem of the 
future. 

Mr.*H. A. P. Caddell ( communicated ): The “cold snap” peak 
at t25-w25 at 8-9 h, due apparently to a few degrees of frost, is 
a most disturbing phenomenon. Apart from the unhappy facility 
of electricity as a secondary heating agent, perhaps the reason 
for this is that so few of us are lucky enough to live in thermally 
efficient houses. It would be interesting to know if the author 
has been able to make any estimate of the A.D.D. per kW of 
domestic heating connected. Presumably, the average con¬ 
nected heating load per consumer would not be less than 
1-1- 5 kW in this area. From Fig. 12 and allowing 20% for 
non-domestic uses, the A.D.D. per kW connected appears on 
this basis to be between 0*23 and 0*34 kW for w25 and between 
0*14 and 0*21 kW for f27. These figures agree reasonably with 
those Quoted in a recent paper and with my own experience. 

With regard to cooking, some years ago I tried to get figures 
relating to the Sunday midday peak, using the method described 
by the author. The resulting A.D.M.D. figures per cooker over 
three consecutive years showed close correspondence and were 
substantially the same as those the author gives, though slightly 
higher. With regard to the cooker A.D.D. at 8-9 h, is any 
further information available in making the estimate of 0*2kW? 
Based on an average consumption of 1 500 units per cooker per 
year, and assuming the system maximum demand was at 8-9 h, 
this figure gives a load factor on the generating plant of 86%, 
which is surprisingly high. My experience of loads with rela¬ 
tively higher cooker saturation suggests a figure of about 
0*4 kW, with the weekday 12-13 h A.D.D. about 50% higher, 
this latter agreeing with the author’s figure. 

The? generally low saturation and consequent relative insig¬ 
nificance of water-heating makes it difficult to estimate this 
factor. My experience with thermostatically-controlled im¬ 
mersion heaters suggests an 8-9 h weekday A.D.D. per unit 
agreeing approximately with that used by the author, but there 
are indications of an appreciably higher figure at Sunday midday. 

With regard to the load factor of the domestic load, for 
average appliance saturations and excluding cold-snap condi¬ 
tions, my experience agrees with the figure of about 30 %. With 
higher cooker and water-heater saturation, the load factor re¬ 
ferred to 8-9 h weekday A.D.D., and consequently on the 
generating plant (assuming the system M.D. still remains at 
8-9 h weekday) may approach 35-40%. In such cases, how¬ 
ever, the load at Sunday midday may considerably exceed that 
at 8-9 h on weekdays and the load factor, referred to A.D.M.D. 
and consequently on the local distribution plant, may fall to 
little over^20 %. This would seem to follow from the fact that 
with an average consumption per cooker of 1 500 units per year 
and an A.D.M.D. per cooker of 0*9 kW, the load factor of the 
cooking load on the local distribution plant is only 19%. This 
brings to mind the question of what proportion of distribution 
costs are**elated to maximum demand. 

Regarding the author’s proposals for further research by re¬ 
cording the component loads, it appears that in a reasonably 
compact distribution with overhead conductors the various 
components, i.e. cooking, water-heating, and lighting plus heating 
plus miscellaneous, could be supplied from separate phases 
without causing appreciable out-of-balance difficulties, and 
merely* by the addition of service wires and meters where neces¬ 
sary. This method, if practicable and if officially approved, 
would have the advantages of cheapness and of giving early results. 

. In contusion, I would like to support the author’s plea for the 
scientific development of bases for calculating and comparing. 
costs of supply 2nd would jfurther suggest the need for dealing 
with the “value of service” factor as far as possible in the same 
manner. 


Mr. E. W. Dorey {communicated ): During the war the advance 
in industrial lighting has been considerable and the degree of 
illumination required to-day is far in advance of that on which 
the author’s data are based. The maximum demand for lighting 
factories, etc., is now a far greater proportion of the total load 
and will undoubtedly substantially reduce the load factor of the 
industrial power load, which for the Northmet Power Co. is 
assessed at the unusually high figure of 45 %. I think that some 
current restrictive tariffs which limit the amount of lighting load 
available at power rates will have to be considerably modified to 
meet present illumination requirements and that a comprehensive 
industrial tariff should be available without any restriction as to 
use of lighting supply. 

The industrial load factor of the Northmet is no doubt partly 
due to the operation of an off-peak load tariff. It is regrettable 
that so many supply authorities refuse to offer off-peak terms, as 
some consumers can take full advantage of these terms, thereby 
conserving the capital of the supply authority and assisting 
in fuel economy by reducing the amount of relatively inefficient 
generating plant which has to be run to deal with the Grid 
peaks. Some supply authorities argue that under no conditions 
would they permit their average price from the consumer to fall 
below a certain datum figure, i.e., if this datum figure were 
obtained with a winter peak-load factor of, say, 50%, then if 
the consumer could by reducing the demand improve the load 
factor to 75% no rebate whatsoever would be granted. So long 
as this attitude rules there is no possibility of taking full advan¬ 
tage of clipping the peak. 

The curves and other data in the paper make it abundantly 
clear that the space-heating peak demand is a most serious 
factor and is quite uncontrollable. I should have expected 
supply.authorities to welcome off-peak tariffs with loads which 
can be controlled, and particularly so in war-time when peak¬ 
load restriction is in the national interest. 

If the demand curves for the space-heating load of the North- 
met are typical of other supply authorities, this class of supply 
cannot apparently be profitable to the undertaking and must 
seriously enhance the total cost of supply, particularly to meet' 
the “cold snap” demand. On the Northmet domestic two-part 
tariff the run ni ng charge per unit is 0*625d., and the coal clause 
addition to industrial users at the beginning of this year was 
0*284d., which leaves 0*341d. The most favourable load factor 
(excluding cold snap) is 20%. Power users pay approximately 
90s. per kW per annum, and this on a load factor of 20% is 
0*62d.; in addition they pay 0*4d. per unit plus coal clause for 
the first 50 000 units per month, so that by comparison we have 
for a power user with 20% load factor and consumption at 
50 000 units per month: M.D. charge, 0* 62d.; unit charge, 
0*4d.; present coal clause addition, 0*284d., a total of 1 • 304d.,~ 
while the space-heating user pays 0*625d., a difference of 
0*679d. Diversity factor of space-heating load has no bearing 
as the charge is virtually a flat rate of 0*625d., irrespective of 
load factor. Similar terms are available in most supply areas 
and the load conditions are doubtless comparable, and one is 
led to enquire how such a load can possibly be profitable to the 
supply authority. 

. Mr. R. B. Rowson {communicated): It is to be hoped that the 
results shown by the paper will impress those who still doubt 
the necessity of analysing system-load curves and who often base 
their arguments on the hypothesis that the domestic load has 
infinite diversity. The Northmet Powei: Co. also deserve the 
thanks of the whole supply industry for allowing such a grim 
warning to be made generally available. 

One of the principal points is that these very high demands 
occurred on a system on which, judging from the number of 
cookers, etc., only a small percentage of the total number of 
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consumers availed themselves of the full service in spite of the 
relatively low charges in force. Even so, the domestic demand 
due to heating quite overshadows any of the other loads, and 
if &}] the 240 000 all-in tariff consumers took advantage of the 
facilities offered, the position would be impossible. This is 
illustrated by a curve* for 40 all-electric houses, the peak being 
440 kW at 8 h. 

The practical consequence of the analysis is the question 
whether the two-part domestic tariff has not outlived its useful¬ 
ness. The tariff places no restriction on use, gives no en¬ 
couragement to the consumer to keep off the peak, and neglects 
installed loading or maximum demand in its fixed charge. 
Clearly, as now fixed, the revenue such a tariff will produce is 
usually inadequate to meet anything like full domestic electri¬ 
fication, unless the unit rate is impossibly high. 


* * V.. an d Dann, W. M.: “Loading Transformers by Copper Tempera¬ 
ture, Electrical Engineering , 1939, 58, discussion, p. 511. P 


At the time the records were made it seems from Section 7 
that a large part of the fixed charges of, say, 90% of the con¬ 
sumers was being used to subsidize a supply at less than eost to- 
the 5 or 10% who used the facility for heating. 

As regards future work in this direction, the relationship 
between temperature and load is clearly established by the 
method of analysis employed. Similar tests with consumers 
charged at higher tariffs might show whether a sufficiently high 
price inhibits the heating load altogether or merely results in the 
undertaker being left with the “cold-snap extra.” 

The cooking load in this country also requires further analysis. 
In particular, many engineers will feel that the estimate of 
0-2lcW as the A.D.D. at 8-9 h is low for the winter though 
it might be reasonable in summer months. The correctness of 
this result can only be proved by further tests, and I hope that 
the author will be able to indicate that the recent E.R.A. ques¬ 
tionnaire has borne fruit and that tests are under way. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Mr. P. Schiller (in reply): The purpose of the paper has been 
to apply the scientific method to a field which hitherto abounded 
with tags and conjectures. Particular care has been taken to 
state facts only, and to avoid inferences. For example, in stating 
values of load factor, no implication is made as to the economic 
significance of load factor, for this depends on the proportion of 
truly demand-related cost in the total cost of supply, which is a 
feature still awaiting systematic elucidation. Any challenge of 
a statement made in the paper ought to have been accompanied 
by a proof on the same lines as applied in the paper, the latter 
having been deliberately presented in great detail to enable such 
a course to be taken. 

Mr. Clinch objects to the expression “higher level of income.” 
What is meant is “higher economic status,” not “higher level of 
revenue.” As to the relationship between the demand for space¬ 
heating and other factors, the only reliable basis of argument is 
that of statistical correlation, as applied in Fig. 17. 

Connected load—or rather installed load, according to B.S. 
terminology—has been taken into account only in regard to such 
appliances as are ordinarily hired out by the supply undertaking: 
cookers, washboilers and water-heaters. I cannot trace any other 
reference to installed load, particularly with regard to kettles. It 
would be of considerable interest to compare the results of load 
analysis with the corresponding installed loads. In view of the 
impracticability of keeping up-to-date records as to the installed 
load of each domestic consumer, the methods of statistics can be 
employed for sampling. This has been under consideration by 
the E.R.A. for some time, and positive developments may be 
expected soon. 

In reply to Mr. Bolton, the use of load records based on hourly 
mean loads and including station-auxiliaries demand was forced 
upon me by the existing material. I am glad to note that the 
procedure has now been changed in that only the energy sent 
out is considered, and that the demand is recorded half-hourly. 

I agree that the existence of specific summer loads would make it 
more difficult to separate “basic demands.” In the present case, 
however, such loads were insignificant. Even if‘it were assumed 
that all the water-heaters installed had been operating during the 
summer months only, this would involve an error of only a few 
per cent. The “method of differences ’ 9 is implied in Figs 2 5 
6, 7, 8,14, 15, and 16. ! . ’ 

Mr. Garrard stresses the trend towards deteriorating load 
factors inherent in the conventionally developed domestic load 
The-load ,4urtor of thf industrial load, which Mr. Bernard 
questions, “does not consider seasonal extra demand due to 


lighting and heating at the power rate” (p. 442). Besides, it is 
based on 1-hour demand. 

I doubt Mr. McLean’s statement that “comparing one, two or 
three pairs of chosen daily load curves will give similar results” 
to those obtained by me. While this procedure forms part of 
my method (cf. Fig. 8), it is supplemented by the analysis of 
seasonal demand curves. At best it yields demand values only, 
and if in the past the corresponding consumptions were estimated, 
the basis used has been in the nature of a wild guess. In fact, 
anything can be proved in this way: it is the ideal way of sub¬ 
stantiating wishful thinking. ♦ • * 

The reference to contour plans (or load maps) as being superior ^ 
to three-dimensional load models does not appear apposite, since 
I was not dealing with methods of load representation but with 
load analysis; for the latter purpose the utility of the load model 
is unsurpassed. Flow convenient to choose and compare pairs 
of suitable load cut-outs. I may add, however, that a draft of 
an illustrated E.R.A. report on methods of load representation, 
including load maps, was prepared over a year ago, and will be 
issued after some practical trials have been completed. 

Mr. Wood’s reference to the apparent relation between sunspot 
frequency and hard winters is of interest. If absolutely reliable 
long-term forecasts of this kind could be established, considerable 
economic advantages could be achieved. Of equal importance, 
however, would be the negative assurance that no cold snaps of 
serious importance were to be expected in the intervals. 

In reply to Mr. Logan, the paper gives some data in respect 
of the space-heating load on the system in question, but does not v 
express an opinion as to whether this load is lucrative. 

Mr. Jolly’s reference to tariffs is not quite clear to me, since 
in the paper the question of tariffs is not touched. 

I appreciate the pertinence of Mr. Caddell’s contribution. 
Regarding installed heating load I would refer to my reply to 
Mr. Clinch. The E.R.A. has instituted research into the after^ 
diversity demand of the principal components of the domestic 
load, and a report will be forthcoming in due course. 

Mr. Dorey enlarges on the subject of tariffs, but since this was 
excluded from the ambit of the present paper I have to refrain 
from making a reply. , > '*■« 

Mr. Rowson’s support of scientific research is welcome, though 
I am unable in this place to follow him into the field of tariffs. 

In connection with the assumed cooking A.D.D. of 0*2 kW pet- 
consumer at 8-9 h, it must be borne in mind that this «is an 
hourly mean value of a reputedly peaky load? More research 
on this point is in hand. 
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SUMMARY 

Although the title of the paper refers only to copper conductors, 
copper-alloy and steel-reinforced copper conductors for use on over¬ 
head lines are included. The creep of conductors and their initial 
non-elastic extension are considered in relation to their effect on sags 
and their compensation by an increase in erection tension as an 
alternative to pre-stressing. A typical stress/strain curve for copper 
conductors is given. 

Information on the annealing characteristics of hard-drawn copper 
and copper-alloy conductors is included, with special reference to the 
effect of impurities in the metal. Maximum safe operating tempera¬ 
tures for such conductors are discussed, together with maximum 
permissible current loadings. 

Hollow copper conductors of various types for voltages up to 200- 
300 kV are described and some of their characteristics enumerated. 
The features of cadmium-copper conductors are dealt with in com¬ 
parison with other types of high-tensile overhead conductor. 

Steel-reinforced copper conductors receive special attention, par¬ 
ticularly in regard to the protection from corrosion of the steel wires. 
Results of a long-time investigation are given in full, with conclusions 
and recommendations. Copper-clad steel wires, their characteristics 
and use as reinforcement in copper conductors, are discussed. 

Details are given of developments in the application of compressed 
sleeve joints to copper and copper-alloy conductors. Suitable joints 
for cadmium-copper and steel-cored copper conductors are described 
%nd test results given. 


(1) INTRODUCTION 

A comprehensive paper on copper conductors for overhead 
lines would involve a history of overhead transmission covering 
more than half a century. Such a paper could not be written 
in present circumstances, and it is intended in the present con¬ 
tribution only to outline some recent developments in the use 
of copper as an overhead-line conductor material . 

For low- and medium-voltage overhead construction copper 
conductors have found a very wide field of application. As a 
general rule span lengths are short, conductors are often not 
erected to their maximum permissible tension, and copper con¬ 
ductors are ideal for the purpose. For high-voltage distribution, 
copper, cadmium-copper and steel-reinforced copper are all used 
extensive^, while for main long-span transmission and distribu¬ 
tion lines, such as the Grid lines, the use of cadmium-copper and 
steel-reinforced copper is becoming more widespread. 

For transmission lines operating at voltages up to 200-300 kV, 
special fo*ms of hollow copper conductor have been employed 
to a considerable extent abroad, and these, together with the 
other types of conductor referred to above, are dealt with in the 
paper. 

(2) HARD-DRAWN COPPER CONDUCTORS 

The search for new materials or special methods of construc¬ 
tion tp meet particular engineering difficulties always results in 
greater*publicity being given to, and more interest being shown 
in, the novelty than in the ordinary straightforward case; And 
so it is with overhead lines—specialconductors for long spans, 
high jiv^r*crossings, and lines operating at 100 kV and over tend 
to receiye comparatively more attention than ordinary copper 

* Transmission Section paper. 

t Copper Development Association. 

+ Formerly Copper Development Association. 


conductors, which are still used on probably 90 per cent of the 
normal construction. The proved efficiency and reliability of 
such conductors established by long experience leave little new to 
be said of them, and it is proposed to refer only to two matters 
upon which some information may be helpful, namely the non¬ 
elastic stretch of conductors and their maximum safe operating 
temperatures. 

(2.1) Conductor Elongation 

One of the several variables which help to make the design 
of overhead lines a less exact science than that of some other 
forms of structure is the elongation of a conductor under stress. 
That elongation is partly elastic and partly plastic, and it is often 
difficult to distinguish between the two effects, one giving a false 
impression of the other. 

With sustained loading all metals tend to exhibit in varying 
degree some permanent extension which, when it takes place 
over long periods, is often termed “creep.” The creep resistance 
of hard-drawn copper at normal temperatures is good. Phillips 
and Smith§ give the following results of creep tests on wires:— 


Ultimate tensile 
strength 

Stress applied, per 
cent of ultimate 

■ 

Duration of test 

Final creep rate, 
per cent per day 

tons/in2 


days 


32*6 

47 

32 

<0*0008 

32*6 

75 

32 

0*0013 

30*6 

39 

After 2 

0*00011 


Similar tests have been conducted by the British Non-Ferrous 
Metals Research Association oh hard-drawn copper wire, 0*16 in * 
dia., having a tensile strength of 27*5 tons/in 2 . When this wire 
was loaded to 50% of its tensile strength the initial extension 
was 0*11%; 21 days later the total extension was 0*1175%. 
At 75% of the tensile strength the initial strain was practically 
complete after the first 10 days. Subsequently for 220 days 
there was an average strain rate of 0*00005% per day, after 
which there was no further extension for at least 100 days, when 
the test concluded after about a year with a total increase in 
length due to creep of about 0-01%—excluding the creepwhich 
took place in the first 10 days. 

As these results show, when a wire is first loaded there is an 
initial non-elastic extension at a rate greater than the subsequent 
creep rate. When single wires are stranded together to form a 
conductor the initial elongation which takes place as internal 
stresses become balanced may be even more marked and iriay 
be of importance in overhead lines, since it tends to cause an 
increase in sag after erection. Pre-stressing of the conductor is 
one method of removing the initial non-elastic extension, but as 
an alternative the conductor may be over-strung at the time of 
erection by an amount sufficient to compensate for the extension 
that will occur when the maximum loading is eventually applied 
to it. A satisfactory method of determining the degree of over- 
stringing required is to ascertain by test the permanent extension 
that will occur in the conductor in any given span length as a 
resultof ffie app^ the maximum loading, and then to 
deduct an equal length from the length of the wire in the span 
vrtien c^ the appropriate erection sag and tension, or 

§ Proceedings of the American Society for Testing Materials', 1936,36, p. 263. 
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better still to employ in a graphic method of calculation, such 450001 _ 

as the Thomas chart, the actual stress/strain diagram obtained 7 ~/J 

by test. By these means the sag at the time of erection will be / // 

less than would otherwise be the case, but it should increase to 40000 -—-- J / 

the correct value after a period in service if loads approximating / 7 f 

to the maximum assumed are applied to it for any appreciable / / 

length of time. 35 oooj—/__ __ /& /*_ 

The initial loading of a stranded conductor not only gives / 7g [S 

rise to non-elastic extension but it also causes the apparent x / /£> /§ 

modulus of elasticity to increase. It is the final or higher i soooo —- Jg —- 

modulus that is normally used in sag calculations. For copper g j of 

conductors this is usually assumed to be 18 x 10 6 lb/in 2 . The § L /§ 

apparent initial modulus up to, say, 20-25% of the ultimate g 25000 j-k-- 

tensile strength would, however, be lower than this, say of the 5 Jf £77 fi 

order of 14*5 x 10 6 to 15 x 10 6 lb/in 2 . To be accurate, it is « IS $>/$ /£ 

this lower modulus which should be used in the calculation of § 20000 f*-- ft - 

erection curves for unstretched conductor, although all curves § f fg /£ 

relating to the final behaviour of the conductor after loading 1 [ fS /J 

should of course be based on the higher modulus. g 15000 f -“ fg —- 

In determining the initial elongation of a conductor by test h J /o fi 

it is not necessary to maintain the loading for long periods, since ,_| fj fg 

the major portion of the extension takes place in the first hour " /$ fi 

or two. Test loads need be maintained, therefore, only for /S fg 

limited periods ranging from, say, 15 minutes at 25°/ of the _//?/<? 

ultimate to 2-3 hours at 80%. ~T£ 7- 

A typical stress/strain curve obtained in this way is shown / l f 

in Fig. 1. The curve relates to a conductor composed of two o r . / _J_ 

0 0*001 0*002 0*003 0*004 

90000 |---t-,-,_ t _r f T , ELONGATION — INCHES PER INCH 

. Rg. 2.—Typical stress/strain diagram for stranded hard-drawn coDDer 

/ conductors. 

80000 - / . ! *> 

. 80 % 1 Fig- 2, which represents the combined results of 18 tests on"" 

/W ' stranded 7- and 19-wire hard-drawn copper conductors having 

70000 ■ As / . a nominal ultimate tensile stress of about 59 000 lb (26-5 tons)/in 2 

o . °/7? / The same curves would also be approximately correct for single 

- - //I / ‘ hard-drawn copper wires having a slightly higher nominal ulti- 

£ 60000 - Rr\%V / / - mate stress, and they may for practical purposes be taken as 

a . ml! applying with sufficient accuracy to stranded hard-drawn Conner 

o j/j ■ conductors as covered by B.S. 125. 

q. SOOOO - 50 %/ / / - , ^ J? notecl * at a tensile stress equivalent to about 

a i / naif the ultimate, which is the assumed maximum for most lines 

<o //III / I 11 “^country, the permanent extension which may be expected 

§ 40000 i / * f s . 1,8hUy ? ess than °’ 04 %- The virtual modulus on initial 

o If / / loading is shown m the curves as being about 14-5 x 10 s lb/in 2 

• // / / / and the ultimate modulus about 17 x 10 s lb/in 2 though as has 

<o 30000 ' // / / / ‘ al rea.dy been pointed out, 18 x 10 6 is usually assumed 8 ’ 

s ■ 25 %/// / / To compensate for stretch, the reduction in sag af. the time 

“ ^ n f / / of erection, expressed as a percentage of the normal sag, will 

co 20000 - // / / / . vary with span length and the size of conductor. For example, 

ill / / . °n the basis of the diagram in Fig. 2, at 60° F the reduction in 

inonn l / / / s ag of a °-l m 2 (7/-136 m) copper conductor in a 400-ft span 

10000 ' / / / - would be about 13%, and in a 600-ft span about 7%. For a 

I / / ^Jv 5 - 111 conductor it would be about 9% in a 

n (I j j j f ' 600-ft span. 

0 o-oo 2 0 004 o-ooe 0-008 o-oio 0 012 (2.2) Maximum Permissible Operating Temperature 

r _ . , elongation - inches per inch fa the ordinary course of events the annealing of hard-drawn 

tug. 1. Typical conductor stress/strain diagram with sustained 00pper over head-line conductors is not a factor which has to 
loading. be_ taken into account line losses and consideratfam of 

)• 107 in dia. hard-drawn copper wires and one 0-107 in Conner- lfe , noimaUy limit the current<anying capacity of a 

:lafi steel wire. -The nominal breaking strength of thf>^r< V e t0 a k v 4njuqh below that which coUhi cause any rise in 

luctqr was 96000 lb/in 2 , although the actual ultimate stress on tmd^ceot fo^an^ 0 r ^ Sult 1 v softenin g of hard-drawn copper, 
est proved to be about 100 000 lb/in 2 and except for an occasional bonfire or grass fire or other excep- 

From a number of such tests on different sizes of conductor ThS httl f trouble & experienced^from this cause. 
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0 0*002 0*004 0*006 0*008 0*010. 0*012 
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Fig. !• Typical conductor stress/strain diagram with sustained 

loading. . - 

0-107 m dia. hard-drawn Copper wires and one 0-107in cbnper- 
^d steel wire. -The nominal breaking strength of the con- 
^uctqr was 96000 lb/m 2 although the actual ultimate stress on 
test proved to be about 100 000 lb/in 2 . 

Front a number of such tests on different sizes of conductor 
a typical composite diagram can be drawn such as is shown fa 
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been the case, when other factors such as the necessity for 
adoption of the maximum possible current loading to economize 
in the consumption of copper have to be taken into account, 
and the possible loss of strength of a conductor due to annealing 
has to be considered. 

Operating a line at an exceptionally high temperature not 
only has a bearing on the possible softening of the conductor 
metal but also has an important effect on ground clearances. 
In a .new line these can of course be safeguarded, although 
perhaps at the cost of an uneconomical design. The only 
matter now under consideration, however, is the maximum 
current loading of hard-drawn copper conductors which can be 
„ allowed without danger of a serious loss of strength. 

A good deal has been written about the annealing charac¬ 
teristics of copper, and some of the statements made have been 
rather too definite, having regard to the many variables involved. 
Impurities in the metal and the degree and rate of cold working 
applied to it all have an important bearing on the temperature 
at which it starts to soften and the rate at which it loses strength 
with time. * 

In general the more severely cold-worked is the metal, the 
lower is the softening temperature and the greater the rapidity 
with which it will anneal. Curves in Fig. 3 show the extent to 
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ANNEALING TEMPERATURE, 

DEGREES CENTIGRADE 

Fig. 3.—Tensile strength of 0-112 in and 0-05 in hard-drawn copper, 
cadmiSm-copper and silver-bearing copper wires after heating for 
24 hours at various temperatures. 

which normal-purity hard-drawn high-conductivity copper wires 
of diameters 0*05 in and 0*112 in were found to anneal when 
maintained for 24 hours at various temperatures. Correspond¬ 
ing curves for cadmium-copper wires are also shown* The 
addition of cadmium to copper has the effect of raising the 
temperature at which the hard-worked metal can be operated 
without softening. In this respect silver is also particularly 
effective, the addition of only about 0*08-0*1% having the 
effect of raising the annealing temperature by more than 100° C. 
For cSmparisoi?, curves are included in Fig. 3 to show the rela¬ 
tive annealing characteristics of 0*05 in and 0*112 in wires of 
hard-drawn copper containing about 0* 1 % of added silver,^ •••;; 
• Even very small quantities of some elements may have an 
appreciable effec^ on annealing, and Fig. 4 shows the approxi¬ 
mate effect of small contents of silver on the loss of strength of 
tod-drawn 0*083 in .wires of agivencopper when subjected to 
a> temperature of 275° C for 15 min. It Will be noted that 



SILVER CONTENT - PER CENT 


Fig. 4.-—Degree of annealing of 0*083 in hard-drawn copper wires 
containing very small percentages of silver when heated for 
15 min at 275° C. 

the difference between, say, 0*002% and 0*004% silver is 
marked, yet such a range of silver content is possible in com¬ 
mercial high-conductivity copper, though for the most part silver 
would not exceed about 0*003%. Below about 0*002% the 
effect of silver would appear to be relatively unimportant. 

Slight variations of oxygen content do not have any marked 
effect on annealing, but the reduction of the oxygen to very low 
limits has a considerable effect in retarding it. 

The effect of silver, oxygen and other impurities on the long¬ 
time annealing characteristics of some hard-drawn 0*066 in dia. 
copper wires is illustrated in Fig. 5. Curves {a\ (c) and (d) have 



TJME — MONTHS 


Fig. 5.—Loss of tensile strength of 0-066 in hard-drawn wires of 
various commercial high-conductivity coppers when maintained 
at 80° C for long periods. 

Impurity contents, percent:— 

Oxygen .. .. .. .. .. 0-0001 0-05 0-019 0-03 

Silver and gold '.. ... .. .. .* 0-0017 0-003 0-001 0-00006. 

Approx, total of other metallic impurities ., 0-0065 0-015 0-0061 0-005 

bben drawn from results obtained by Voce.* The effect of a 
veiy low oxygen content will be seen in curve (a). A similar 
infect/^ ^uld also be produced with normal oxygen present if 
isilver were added to the copper. 

All the above data refer to softening under maintained high- 
temperature conditions and were determined on unstressed 
material. In practice, at least so far as overhead-line conductors 

; V" • Jamirt the Institute *>f Metals 194l,67p.l. ■ 
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are concerned, the copper would be heated while under an 
appreciable tensile stress, in which condition its annealing 
characteristics might not be the same as those determined in 
the unstressed condition. Furthermore, in practice sustained 
high temperatures seldom occur, maximum temperature condi¬ 
tions being attained only intermittently. Unfortunately there is 
little information on the effects of intermittent heating, and it 
cannot be stated with r certainty whether the effect of such 
heating is directly cumulative, as it probably is, or whether 
under certain conditions there is some form of partial recovery. 
No definite ruling, therefore, can be given, and on balance it 
would seem advisable to adhere in practice to a temperature 
of 80° C as being a reasonable maximum for long periods, if 
any detrimental softening of the metal is to be avoided. 

(2.3) Current Loading 

Since conditions in the open air are very variable, the current 
that will, under service conditions, give rise to a temperature 
of 80° C in a conductor can only be roughly estimated. Wind 
velocity is more important than ambient temperature in deter¬ 
mining the rise in temperature of a conductor, while the effect 
of solar absorption decreases with rising conductor temperatures 
until at relatively high temperatures it becomes negligible. 

Curve (c) in Fig. 6 shows the approximate current loading of 


a 1-m.p.h. wind, the conductor being assumed to be new and 
bright and solar absorption being ignored. This is obviously a 
very conservative basis for lines erected in this country, sfhce the 
ambient temperature is seldom as high as 30° C and the wind 
velocity is usually over 1 m.p.li. Also, when the surface of the 
conductor becomes weathered and blackened the heat dissipation 
is increased, probably resulting in an increase of at least 10°/ 
in current loading. It would appear, therefore, that the loadings 
given by the curve are very safe and that under ordinary con¬ 
ditions of service, particularly with short-period intermittent 
loading, much higher currents could be carried without danger 
of the temper of the copper being seriously affected. For 
purposes of comparison curve (d), showing the relative current 
rating of copper conductors for a maximum operating tempera¬ 
ture of 50° C (122° F) under otherwise similar conditions, is also 
included. 

Considerably higher current loadings would be possible with 
conductors of copper containing about 0-1% of silver before 
there was any serious danger of loss of strength due to softening 
of the hard-drawn metal, but line losses at such current densities 
would be appreciable and would not in normal circumstances be 
economical, quite apart from the bad voltage regulation which 
might also result. 



Kg. 6.—Maximum current loadings of hard-drawn stranded conductors 
erected out of doors. 

t^^^l§o ? ^«^ VaIent C ° Pp6r cross - sectional «"»>; »«. working 
150* ) C?* dnliU “' COPP “ cro ss-sectiodaI area); max. working temperature 


(c) Copper; max. working temperature 80° C (176° F). 
(o; Copper; max. working temperature 50° C (122° F). 


stranded hard-drawn copper conductors for a max imu m opera- 
tog tanperature of 80° C (176° F). The curve has been calcu- 
latea tor an assumed ambient temperature of 30° C (86° F) with 


(3) HOLLOW COPPER CONDUCTORS 
To avoid corona loss at voltages of the order of 110-132 kV 
it is necessary to use a conductor of only about £in dia., cor¬ 
responding to a cross-sectional area of rather less than 0-175 in 2 , 
which is reasonable for most main lines, but at higher voltages* 
for instance 220 kV, the diameter necessary to avoid corona 
must not be less than about 1 in, which, with a normally stranded 
conductor, would correspond to an unnecessarily large cross- 
sectional area. For this reason alternative designs have been 
introduced whereby a large overall diameter can be obtained 
with a reasonable cross-sectional area of copper. 

A number of designs of such “hollow conductors” are shown 
in Fig. 7. (A) is a cellular conductor consisting of a number of 
small copper tubes formed by drawing fiat strip through a die; 
(B) is similar to (A) but the outer layer is composed of solid 
wires and the tubes may be of brass, bronze or other copper 
alloy; (C) consists of copper wires stranded round a spiral strip 
of copper or bronze forming a supporting core. In this country 
conductors of these types have been used mainly for substation 
connections and busbars, though they could be used as line 
conductors in suitable circumstances. Somewhat similar types 
such as (D) have in fact been used fairly extensively for line 
conductors in America. 

The type illustrated as (E) employs a twisted I-beam as a * 
core, the first layer of solid wires being stranded round it in 
the opposite direction to the twist in the core. (F) is a modifi¬ 
cation of (E) using six twisted I-beams, and other similar com- 
a * so k ee p made up. (G) is somewhat similar 
to (C), solid copper wires being stranded round a spiralled 
bronze-core wire; the type has been used only to a very limited 
• extent. 

(H) is the Heddemheimer “H.H.” conductor in which a 
number of spiralled sections are dovetailed into one another 
and so form a flexible tube with smooth inner and outer surfaces. 

(J) is a somewhat similar construction in which the strips are 
held together by elliptical key wires. In some cases the weight 
of the H.H.” conductor has been even further reduced by 
forming the interlocking sections with concave inner surfaces, 
the smooth external surface being unaffected. ^The u H.fi. ,,> type 
has the ^lowest weight/diameter ratio of any of the “hollow con- - 
ductors so far used as line conductors, though the tensile 
strength per unit of cross-sectional area of copper is slightly 
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which results in a lower power loss. Their current-carrying 
capacities for a given temperature rise are also greater on account 
of the greater surface area available for cooling, and the better 
disposition of the copper with regard to skin effect when carrying 
alternating currents. 

No special difficulty is experienced with clamps and fittings 
for hollow conductors. Suspension fittings are clamped round 
the conductor in the usual way, the conductor being capable of 
withstanding the clamping pressure without reinforcement. At 
tension joints and clamps it is customary to support the walls 
by the insertion of solid copper or alloy wires or rod to fill the 
interior of the hollow portions. Compressed or drawn sleeve 
joints are used extensively, and “cone” or “wedge” type fittings 
have also been employed satisfactorily. 


(4) CADMIUM-COPPER CONDUCTORS 
The use of cadmium-copper conductors has been steadily 
increasing in this country during recent years. They have a 
tensile strength which is approximately 50% greater than that 
of copper conductors, and are thus capable of being erected on 
longer spans with the same sag. 

The cadmium-copper alloy used for overhead-line conductors 
usually contains about 0-8-1% of cadmium, and this gives a 
mimimum guaranteed conductivity for the hard-drawn alloy of 
about 83 % of the I.E.C. standard for annealed copper. This 
slight disadvantage is offset by its increased tensile strength, 
hardness and fatigue resistance and the higher annealing tem¬ 
perature already referred to. 

• Fig. 7.—Typical hollow copper conductors. increase “ cross-sectional area to compensate for the lower 

# conductivity of the alloy, together with its greater strength, 

lower than that of the other types. It will also be appreciated results in the tensile strengths of standard cadmium-copper 

that as the conductor consists of a single layer the torque conductors being about 60% higher than those of equivalent 

developed on stressing is not for the most part neutralized, as sizes of copper conductor. Cadmium-copper has a resistance 
is the case with a conductor having alternate layers stranded in to atmospheric corrosion at least as good as that of copper, and 

opposite directions. Thus the conductor has some tendency to in some conditions it has been claimed that it is even better, 

twist, a factor which may have to be taken into account, Some details of a typical cadmium-copper conductor having, 
especially during erection. With the first conductors erected a an equivalent copper sectional area 1 of 0-1 in 2 are shown in 

special torque arm was used on the end of the conductor to col. 2 of Table 1, and for purposes of comparison corresponding 

prevent twisting as it was run out, but this was subsequently details of hard-drawn copper and steel-cored aluminiurn con¬ 
found to be unnecessary. ductors are shown in cols. 1 and 3 respectively. 

“H.H.” conductor is less flexible than the other types men- It will be noted that although the original weight of the 
tioned but is much more so than might be expected from an cadmium-copper conductor is greater than that of the s.c.a. 
examination of a short length. When the conductor was first conductor, in the loaded condition with fin ice and 8 lb/ft 2 
used it was run out under tension over sheaves 4-5 ft in diameter, wind loads the resultant loads which determine the conditions 
whereas subsequently it was strung slack over sheaves half that of erection are practically equal. It will also be noted that 
size withqpt difficulty. while the maximum sags for the two conductors on equal span 

• If necessary any of the “hollow” conductors composed of lengths are approximately the same under the assumed condi- 

stranded tubes or wires may be reinforced to give a greater tions of erection, the maximum wind load and deflection of the 

tensile strength by the incorporation of high-tensile copper alloy cadmium-copper conductor are appreciably less than those of 
or steel wires. Copper-alloy or copper-clad steel wires may be the s.c.a. 

incorporated in the conductors in any convenient position, or a The small diameter, which is of considerable advantage in 
core of steel wires suitably protected from corrosion by one of reducing the wind and ice loading on the conductor, is of course 
the methods described in a later Section of the paper may be a disadvantage when the conductor is for use with very high 
employed. For example, steel wires could take the place of the voltages (i.e. over, say, 132 kV), when the need for the prevention 
seven centre tubes in types (A) and (B), or the seven centre wires of corona may necessitate a specially large diameter. The 
of type (F). majority of lines, however, operate at voltages at which the 

Hollow copper conductors have given good operational service question of corona is unimportant, so that a conductor of small 

and Iftwe not proved to be particularly susceptible to vibration, diameter may be used with advantage. 

though their performance in this respect has been very closely Owing to the greater unloaded weight of cadmium-copper 

watched. It has been claimed that the “H.H.” type, owing to conductors and the smaller wind loads to which they are sub- 

t its greater stiffness, develops a smaller amplitude of vibration jected, their maximum horizontal deflection from the mid- 
thanlhe other types tinder any given conditions. -t: v- yrihd pressure is comparatively small, and the 

Not <Jnly is the initial corona voltage for hoHow^conduOtors; of^iiisalatogF.-stc^^ of support is a minimum, 

considerably higher than that for solid iiSf;; -•* '* *; i; jra^ulus/aiid low coefficient of expansion 

similar cross-sectional areas, but their a.c. resistance is lower, of cadmium-copper result in the conductor being subject to a 
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Table 1 


Equivalent copper section, in2 .. 

Stranding. ’ *' 

Overall diameter, in 

Ultimate tensile strength, f lb !! 1! “ “ 

Assumed max. working tension: 
lb 

percentage of ultimate strength !! ’ ‘ . ‘ * 

Weight per foot, lb 
Wind load per foot with ice, lb !! 

Resultant load per foot, lb 
Virtual coefficient of expansion per deg F 
Virtual modulus of elasticity 

Sags on 600-ft span: 

Maximum sag at 122° F without loads, ft .. 

Minimum sag at 22° F without loads, ft .. " | [ 

Variation in sag for 100 deg F variation in temperature, ft 
Comparative maximum wind loading .. 

span^ft 011 ^^ ^* Spacement con ductor by wind at centre of 
Maximum angle of deflection of conductor by wind at 122° F 


minimum variation in sag with changes of load and temperature 
which helps to overcome “uplift” difficulties. 

As can be seen from Fig. 3, the loss of strength of hard-drawn 
cadmium-copper is less than that of plain copper at comparable 
temperatures, and for a hard-drawn alloy wire containing, say, 
0-8-1-0% of cadmium it may be assumed that for an equiva¬ 
lent loss in strength the working temperature is nearly 100 deg C 
above that for plain hard-drawn copper. To be conservative 
a maximum permissible temperature of 150° C (302° F) has been 
assumed for the purpose of calculating the approximate current¬ 
loading- curves (a) and (b) in Fig. 6, the conditions of ambient 
temperature, wind velocity and solar absorption being assumed 
to be the same as those for the copper conductors referred to 
m Section 2.3. 

The erection of cadmium-copper conductors presents no par- 
ticidar difficulty. Like all conductors, they should be handled 
with reasonable care, although they do not require the exercise 
of any special precautions such as are necessary when handling 
conductors of softer materials. The usual types of tension and 
suspension fittings are suitable for cadmium-copper conductors 
and owing to their relatively high hardness and fatigue strength' 
coupled with a freedom from the formation of high-resistance 
surface films, they present few jointing and clamping difficulties 
- Approximate maximum sag curves at 122 ° F for a number of 
standard cadmium-copper conductors erected to a maximum 

of fin ice with 8 lb/ft 2 wind with a maximum stress of 
50/6 of the ultimate are shown in Figs. 8 and 9. 

(5) REINFORCED COPPER CONDUCTORS 

As an alternative to the use of a copper alloy, such as cadmium- 
copper, a high-tensile copper conductor can be produced by 
incorporating in it wires of a high-tensile material which may 
be either steel or a copper alloy such as bronze. 

, Such a reinforced conductor has the merit that the relationship 
between its electrical and mechanical characteristics can, within 
limits, be adjusted as required, such adjustment not , being 
possible when the conductor is composed throughout of one 
material If the reinforcing material is similar to copper in 
re5 P ect of modulus of elasticity, coefficient of thermal expansion. 


Hard-drawn copper 

Cadmium-copper 

Steel-cored aluminium 

0-1 

7/0-136 in 

0-408 

5 870 

o : i 

7/0-146 in 

0-438 

9 467 

0-1 

7/0-173 in 
7/0-076 in 

0-574 

9 270 

2 935 

50 

4 500 

47-5 

4 500 

. 48-5 | 

0-399 

0-772 

1*086 * 
9-22 x 10“ 6 

18 X 106 

0-459 

0-792 

M54 . 

9-22 X 10~ 6 

18 x 106 

0-304 

0-884 , 

1-158 „ 

10-5 x 10~ 6 1 
12-8 x 106 

16-44 

13-02 

3-42 

0-97 

10-08 

6*66 

3-42 

1 

10-32 ' 

5-4 

4-92 

M2 i 

9-26, 

5-4 

8-1 ' 

34° 

33° 

<c*52° 


OJ 

CM 


I- 

< 


LlI 

LxJ 


8 H 


6H 


5H 


5 4H 

<s 
< 

CO 


Equivalent 

sectional 

BP 


area 

diameter 

ita 

in 2 

in 

■i 

0-022 

3/0-105 

n 

0-022 

7/0-069 


0-025' 

3/0-112 

wu 

0-025 

7/0-073 

if 

0-035 

3/0-131 

mm 

0-035 

7/0-086 

6 

0-040 

3/0-141 


0-040 

7/0-093 

8 
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mm\ 
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HI 
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7/0-113 

■Eli 

0-075 

7/0-127 
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7/0-146 

IJDj 

0-100 

19/0-089 

■Oil 


7/0-164 

m 

0-125 

19/0-100 

12* 

0-150 

7/0-179 

Ilf 

0-150 

19/0-109 
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7/0-194 
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19/0-118 

if J 

0-200 

19/0-126 
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Fig. 8.—Sags at 122° F of standard cadmium-coppfcr conductors, 

wtedat l 22 oS F eSS 5 ° ° ° f th °'' ultimate with;! ifi ice an(f8 lb/ft s 
Asterisk denotes that curve is approximate only. 

corrosion resistance and electro-chemical potential, such *as is 
the ease with bronze, no difficulty is encouifiered, but if the 
reinforcement has dissimilar characteristics difficulties may arise. 
Inis happens when steel reinforcement is used, ; 
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* SPAN,IN FEET 

pig. 9 .—Sags at 122° F of standard cadmium-copper conductors 
maximum stress 50% ot the ultimate with f in ice and 8 Ib/it 
wind at 22° F. 

Asterisk denotes that curve is approximate only. 

Dissimilar mechanical characteristics result in variable internal 
stress distribution, but in this respect there is less difference 
between copper and steel than between aluminium and steel, 
and in consequence there is considerably less variation in internal 
stress distribution in a steel-cored copper conductor than in a 
steel-cored aluminium conductor. 

Mechanically, therefore, the association of copper and steel 
is a satisfactory one, but in regard to electro-chemical action 
and corrosion the position is not so satisfactory, and it has been 
the danger of accelerated corrosion of the steel reinforcing wires 
that has*until comparatively recently tended to retard the wide¬ 
spread use of steel-reinforced copper conductors. The problem 
has now been investigated and it has been found possible to 
produce steel-cored copper conductors which are practically 
immune from corrosion troubles. ; ' 

About 10 years ago an investigation of various methods of 


The types of core protection investigated may be classified as 

follows: . . - 

(a) Metallic and non-metallic coatings applied to individual 

steel wires. 

(b) Metallic and non-metallic coverings applied to the steel 
core as a whole. 

(c) Waterproofing and rustproofing compounds applied to the 
conductor as a whole and/or Jo the steel core. 

In addition to each of the above types of protection tried 
separately, various combinations were also investigated, as was 
the use of a stainless-steel core. 

As a check on the conditions of the test, two lengths of steel- 
cored alum ini um conductor composed of 12 /" 110 in alumimum 
and 7 / • 110 in galvanized-steel wires were exposed side by side 
with the other samples. A 

The results of some of the tests are given in Tables 2 and 3. 
Table 2 refers to conductors exposed in the severely corrosive 
atmosphere, and Table 3 to those in the rural atmosphere. 
None of the copper wires showed any appreciable signs of 
corrosion and their mechanical and electrical properties were riot 
affected. Only the results of the tensile tests on the steel wires 
are therefore included in the Tables. The results of the tests 
on all the conductors are not recorded as some of the tesjs were 
discontinued after a period, either because they did not promise 
to yield any useful results or because it was not possible to 

continue them. .. . , 

In considering the results of the tests, it is necessary to bear 
in mind that in those carried out in the industrial atmosphere 
an endeavour was made to select a site to represent as nearly 
as possible the worst conditions likely to be experienced in any 
locality. The conditions were therefore much more onerous 
than would normally be found in practice, and their severity 
may be judged by the results obtained with the steel-cored 
aluminium conductor. After about 9i years’ exposure the 
aluminium wires of this conductor had lost on an average 
33 - 34 % of their original tensile strength. The zinc coating on 
the outer wires of the steel core was badly corroded but the 
steel itsdf showed ho signs of rusting and there was no reduction 

in its tensile strength. . . , 

The results obtained in the tests carried out in the rural atmo¬ 
sphere show that considerably less deterioration is to be expected 
under normal conditions of service than that found under the 

worst conditions. Nevertheless, to judge the probable behaviour 
of conductors, even under the severest conditions, conclusions 
should be based on the results of the industrial atmosphere tests 

and are as follows:— . .. f • 

(a) Galvanizing of the steel wires alone is not a satisfactory 

P (b) The application of a bituminous compound to a galvanized 
core, while having some beneficial effect, does not provide 

adequate protection. . ... . . 

• (c) There are types of compound or paint which promise to 
be much more effective than the bituminous or asphaltic com- 


rotecting the steel core in a reinforced copper conductor was 06 ^^nSed''asT *£own W* comparison of con- 
tarted, and test conductors have now been exposed for periods pounds J^therto used, as a sh ^ y p 

if nearly 10 years. At intervals sample have been removed non . metal n c coatings on steel wire 

or examination and tensile testing, and the investigation is s good results to be much more effective 

of conductors with 21 different of core Hsu “£££ SiSSjSd 

■roftetion wese erected under light tension in a highly corrosive suitable for ^e^ -^ 

v. ■ i i;-.. n_ V _ _ otwi 


prOUXlIUU WC7V? —-- ... , 

industrial atmosphere polluted fay fumes from a rolling-mill and 
\ residue-burning furnace in a position in which steam loco- 
nqtives*occa$ionaUy passed immediately ^ Some of 

the* conductors # were also erected in a normal rural atmosphere 
for coSuparison. In all cases they consisted of a single layer of 
copper wires over the steel core, and most of them were composed 
of 12/-083 in copper wires and 7/* 083 in steel wires. 

Vot. 91, Part IL : ■. 


nfat afifebt the stranding. The coating used on the^core of 
conductor (8) was purely experimental, was not of high quality 
and could be improved in commercial production. Even so it 

gave good results. - . . c 

(e) For multiple-wire cores the best protection is some form 
of waterproof wrapping applied to the core as a whole. 

(f) a stainless-steel core, though expensive, gives exceUent 
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Table 2 Conductors Exposed in Highly Corrosive Industrial Atmosphere 

I --—----- - — - .. ..... 


Stranding 


Copper Steel 


Type of protection on steel core 


Period of exposure stre ^ h ra |f »r1 wi, 


wires 


' Hot dip galvanizing on each wire 

' but core treated with 65 pene¬ 
tration bituminous compound 

Galvanized wires—copper wires zinc- 
coated 

| Steel wires coated with copper by im¬ 
mersion in copper sulphate 

G ^Yfo izeci wires—cores treated with 
85/40 asphaltic compound 

Galvanized wires—core treated with 
proprietary rust-proofing paint 

1 Galvanized wires—core covered with 
thin extruded lead sheath 

Plain steel wire, stove-enamelled 


7/* 083 


15 


16 


SCA, 


12/-062 

12/-083 

Alu minium 


12/*110 


12/110 


Plain steel wires—core treated with 
65 penetration bituminous compound 
and butt-lapped with cotton tape im¬ 
pregnated with bituminous compound 

7/-083 | Plain steel wires—core treated with red 
lead, lapped with impregnated paper 
and coated with 65 penetration bitu 
minous compound 

7/ • 085 Galvanized wires—core rubber covered 

7/- 083 Galvanized wires—core treated with 65 
penetration bituminous compound 
and lapped with two reverse layers of 

cotton yam impregnated in coal tar 

Galvanized wires—core lapped with 
0*02in rubber tape 

Galvanized wires—core covered with 
extruded sheath of insulating mate- 

Galvanized wires—core coated with 65 
penetration bituminous compound, 
and complete conductor treated over¬ 
all With 85/40 asphaltic compound 


7/* 062 

Stainless-steel wires 

7/ * 110 | Galvanized wires 

7/r 110 Galvanized wires—core treated with 65 
penetration bituminous compound 


Outer 

wires 

Centre 

wire 

% 

77 

% 

44 

29 

Nil 

54 

13 

45 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil 

Nil ] 

Nil 

Nil ] 


Nil 


Nil 

^ wires 10 ^ 


Remarks 


All steel wires very severely cor- 
roded 1 

Outer steel wires of core severely I 
corroded; zinc coating on 
centre wire badly attacked 

Steel wires very severely corroded 

Outer steel wires severely cor -1 
roded; corrosion of centre wire 
starting 1 

Zinc coating on outer wires i 
severely corroded—rusting 
commenced 1 

Zinc coating on outer wires cor¬ 
roded at intermittent points 
but no rusting 

* 

Lead sheath severely corroded j 
but steel wires unaffected 

Enamel coating broken at inter¬ 
mittent points with slight cor¬ 
rosion of steel 

. 


TV —wjuuc 

pinholes in tape 

Nil | No signs of deterioration 

No signs of deterioration 
No signs of deterioration 

No signs of deterioration 
No signs of deterioration 

Nil | No signs of deterioration 

• «• 

Nil | No signs of deterioration 


Steel 

wires 


8 33 Nil 


34 


Nil 


Aluminium wires ^severely ^cor¬ 
roded. Zinc coating on outer 
wires of core badly corroded. 
Coating on Centre wire slightly 
corroded 

I • ’ • • <5 . 

Aluminium ^ wireS severely cor¬ 
roded. Zinc coating on outer 
core wires moderately corroded 
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* Table 3 

Conductors Exposed in Rural Atmosphere 


Period of 
exposure 


Average loss of 
strength of core 
wires 

Remarks 

Outer 

wires 

Centre 

wire 


% 

12-5 

% 

Nil 

Outer steel wires badly 
corroded—centre wire 
shows signs of corro¬ 
sion without loss of 
strength 

n 

Nil 

Outer steel wires cor¬ 
roded, centre wire not 
affected 

Nil 

Nil 

Minute signs of rusting 
at pin-holes in tape 

Nil 

Nil 

No signs of deteriora¬ 
tion 


results, the tests confirming that even under bad atmospheric 
condition *there is no apparent electro-chemical reaction between 
such steel and copper. 

In addition to the types of core protection investigated in the 
above tests, several others have been tried at various times, 
including wrapping the steel core with a bimetallic or even a 
single metal tape, with what success the authors do not know. 

Another widely used type of reinforcement for copper con¬ 
ductors is a core of copper-clad steel wires. Conductors rein¬ 
forced with such wires have proved to be entirely satisfactory in 
service, and they are referred to in greater detail in a later 
Section of the paper. 

(5.1) Wrapped-Core Conductor 

As can be seen from the above, the best test results were in 
general obtained with conductors having some form of covering 
applied to the core as a whole. Of the coverings tried, those 
consisting of a wrapping of impregnated paper, cotton tape or 
yam would appear to be the most promising, at least for applica¬ 
tion to cores of larger diameter. Of these three materials the 
cotton tape may be the best from the point of view of effective¬ 
ness combined with ease of application and low cost. Although 
ih the test conductor with this type of protection some minute 
signs of rusting of the ungalvanized steel wires are discernible 
after 9i years’ exposure, it should be borne in mind that this 
conductor was the first made and was purely experimental; 
a rather coarsely woven tape was used and it was applied with¬ 
out any overlap to a core of plain steel wires. 

Subsequent experience with this type of core wrapping indi¬ 
cates that a fairly closely woven tape is to be preferred, and 
that while its actual thickness is not critical one about 8-10 mils 
thick is satisfactory, provided it is properly impregnated with a 
suitable waterproof compound and is applied with reasonable 
cam, preferably with a slight overlap* A liberal application of 
compound tS fill the interstices between the core wires may also 
be helpful, as may be a similar application to the taped core 
before Itecopper wiresare laid round it. The compound should 
• be sp blended that it remains soft at all normal temperatures 
and^et is not sufficiently fluid to drain out at high temperatures. 
There is no difficulty in providing such a compound, particularly 
when the tape isthere to help hold it in position. 

The tests referred to above indicate that in normal circum¬ 


stances, if the core is taped correctly, galvanizing of the core 
wires may not be necessary. The elimination of the galvanizing 
gives rise in the case of a multi-wire core to a saving in cost 
which largely offsets the cost of applying the tape. Galvanized 
wires may, however, be used as a double safeguard. 

Conductor with a wrapped core does not present any special 
difficulty in handling or erection, and the usual types of suspen¬ 
sion fittings and tension clamps are suitable. No difficulty is 
experienced in holding the full breakihg load of die conductor 
in snail clamps. The usual type of cone joint similar to that 
used on s.c.a. conductors but made of copper alloy can be used 
for joints under tension, and reference is made in a later Section 
of the paper to an improved form of compressed sleeve joint 
which has special advantages. 

Some doubts as to the possible life of the taping have been 
expressed—particularly its ability to resist damage under service 
conditions when subjected to vibration. Only prolonged expe¬ 
rience in service can prove or disprove the authors’ belief that 
the effectiveness of the protection will not be seriously impaired 
under normal conditions. If suitable grades of tape and com¬ 
pound are used no appreciable deterioration in quality should 
occur. The core covering is protected by the outer copper wires 
from external mechanical damage and the direct effect of atmo¬ 
spheric conditions. In the conductor which has been under test, 
after 9| years the tape and compound appear to all intents and 
purposes to be almost exactly as they were when the conductor 

was made. . 

So far as damage due to vibration and movement in service 
is concerned, there would appear to be no reason why any 
deterioration at tension clamps should occur, since relative 
movements of the conductor wires would in all normal cases 
be almost non-existent. At suspension fittings where a greater 
degree of bending is to be expected it also seems doubtful whether 
with properly designed fittings the effectiveness of the tape 
covering would be impaired, even after long periods in service. 
In this connection it should be borne in mind that the ampli¬ 
tudes of vibration likely to occur with steel-cored copper con¬ 
ductors should be very much less under normal conditions of 
service than those which occur with steel-cored aluminium 
conductors, for the reason that their average density is greater. 

(5.2) Three-Wire Reinforced Conductors 
All the tests mentioned above and the conclusions drawn 
from them apply only to steel-reinforced copper conductors in 
which the arrangement is such that the copper wires completely 
surround the steel wire or wires of the core. The protection of 
steel wires for use as reinforcement in 3-wire conductors, m 
which either one or two of the wires are of copper, requires 
special consideration, since not all of the protections mentioned 
above would give adequate service if directly exposed to the 
atmosphere. Three-wire conductors have advantages, particu¬ 
larly in the smaller sizes, which make them specially suitable 
for use"in rural areas. They are, for instance, cheaper to make, 
are robust and relatively free from vibration. Whenever pos¬ 
sible, copper alloy wires should be used for their reiitforcenient, 
or the whole conductor should be of an alloy such as cadmium- 
copper. It is then composed throughout of corrosion-resisting 
material, and is likely to give satisfactory service under nearly 
ail:conditions., If, however, steel reinforcing wires are used m 
a 3-wire conductor the protection applied to them must be 
capable of withstanding not only normal atmospheric attack but 
also mechanic al damage, such as may be caused during erection 
or by flashovers, lightning or abrasion in service. . 

;;; i > Conductors composed of one or two copper wires with a 
reinforcement of ordinary galvanized wires have sometimes been 
v put into service. It would appear, however, that such con- 
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£22 ^’. under A m ? st coitions, likely to give insufficiently 
reliable service. Again, both copper and steel wires have been 
galvanized before stranding, and it is possible E they 5 y 

ftrtn^ aS ° nab e ! erace for a time “ suitabIe localities if /satis¬ 
factory zinc coating on the wires can be obtained. Steel wires 

inSr* W f h ^ type of braided weatherproof covering 
m addition to galvanizing have also been employed, but the life 
of such coverings is usually limited. 

Other types of protecti 6 n for steel reinforcing wires in 3-wire 

SET 5 f haVe mc,uded various types of electro-deposited 
mefelhc coatings, e.g. copper, applied either directly to the steel 

COatmg - Provided s «ch coatings are suffi- 
SfehiE? ^ non f orous > satisfactory results may be obtain- 
able, but they cannot m general be recommended 

The most widely used type of steel reinforcement for 3-wire 

SEt™ < T Ct ° rS haS 136611 copper-clad steel wire, and copper 
conductors incorporating such wire have been used very exten- 

SLSry “ ***** “ d tave proved -W* 

(5.3) Ultimate Tensile Strength 
The ultimate tensile strength of a steel-reinforced Conner 
conductor can be adjusted over a wide range by varying the 
number and tensile strength of the component wires. rSnot 

afwIT’ b f caIC E te< ! with an y high degree of accuracy, but 
after a large number of tests on different types of steel reinfArrwi 

“Wf ■«?»«■»• i. was found aJSkSSSTSS 
could l* determined with suticient accuracy forTactiS Z,! 
poses by taking 85% of the sum of the breaking loads of the 
steel wires plus 98% of the sum of the breaking loS?of the 
copper wires as determined on the wires before strandhj * 

(5 4) Modulus of Elasticity and Coefficient of Expansion 

e 5 ec f °5 stranding is ignored in calculating the virtual 
modulus of elasticity and coefficient of expansion the following 
formulae apply to steel-reinforced copper coStorsl- g 
„ 18m + 28 

E - = -^rrr xl ° ^ 

„ _ 9-22m + 9-95 . 

* “ m+1-55 " X 10 Per deg F 


CONDUCTORS FOR OVERHEAD LINES „ ' 

where E v = virtual modulus of elasticity of the composite con 
ductor 

a v = virtual coefficient of expansion of the composite 
conductor 

m = ratio of total cross-sectional area of copper to that 
oi steel 

and where it is assumed that 

E for steel = 28 x 10 6 lb/in 2 
E for copper = 18 x 10 6 lb/in 2 
« for steel = 6-4 x 10 -6 per deg F 
« for copper = 9-22 x 10~ 6 per deg F 

The curves in Fig. 10 give the approximate virtual modulus 
and coefficient for any value of m. us 

( 6 ) COPPER-CLAD STEEL CONDUCTORS 
From time to time attempts have been made by different 
processes to produce copper-clad steel wire, but the only reallv 
satisfactory material which has been manufactured and Led to 
any large extent up to the present is that known as Copperweld*. 

, T th ® Production of this material, copper is cast round a 
heated billet of steel under controlled conditions in such a 
manner that the copper and steel are welded together. The 
billet is subsequently rolled and drawn to produce a wire haviS 

It is somewhat remarkable that a composite material con- 

Toft c 33 differ E S physical pr °P erties as high-tensile 
steel and soft copper should be capable of being rolled and 

drawn, maintaining at all stages approximately the samecfoss- 

awE n nf P t r h 0P0rtl f 0nS f SteeI t0 “W * 1 11 is Maimed that the • 
ability of the material to withstand such processes is the best 

and fir 31 ' 311106 ° f 3 UniformIy good bond ^ween the copper 

In the course of manufacture care has to be taken to ensure 
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Fig. 11.—Steel-reinforced copper conduc- 
tore. Typical combinations of copper 

and < copper-clad steel wires. Solid 
circles are copper wires. 
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that there is no undue eccentricity of the steel core in the finished 
wire, and that an adequate thickness of copper exists at all 
poinft of the circumference. An excessive thinning of the copper 
sheath qjt any point, such as may result if the shape of the steel 
core is deformed appreciably from the requisite circularity in 
section, might give rise to danger of perforation of the copper 
and subsequent failure due to corrosion. Such a possibility is, 
however, guarded against in the course of production, and the 
makers guarantee a minimum thickness of copper at any point, 
the actual thickness of the copper sheath being accurately 
measured by an ingenious magnetic method. So long as the 
copper sheath remains intact, such wire has a corrosion resistance 
as good as that of a solid copper wire, combined with an appre¬ 
ciably higher tensile strength. 

Two standard types of wire are produced having different 
proportions of copper to steel. One type has a conductivity 
40% of that of a solid copper wire of equal overall diameter, 
anyd the other a conductivity of 30%. Ultimate tensile strength 
varies from about 50 to 170% higher than that of hard-drawn 
copper, according to type and size and the quality of the steel. 

The average modulus of elasticity of the wire is stated by the 
makers to be approximately 24 X 10 6 lb/in 2 , and the coefficient 
of linear expansion about 7-2 X 10“" 6 per deg F. 

These copper-clad wires may be used alone or in any desired 
combination with hard-drawn copper wire to produce a wide 
range of conductors having characteristics to meet almost any 
requirement in which enhanced mechanical strength is required. 
Some typical arrangements of stranded copper conductors in¬ 
corporating copper-clad steel-wire reinforcement or composed 
throughout of such wire are shown in Fig. 11. 

Three-wire conductors composed of one Copperweld and 
two copper wires have been used very extensively and success¬ 
fully in America for rural electrification lines, the most popular 
sizes being those of approximately 0-02 in 2 and 0*013 in 2 equiva¬ 
lent copper sections, having nominal breaking loads of about 
2 580 lb and 2 230 lb, respectively. 

(7) CONDUCTOR JOINTS 

It is not intended here to review current practice in making 
tension and other joints in overhead-line conductors, but to refer 
to some recent developments with one paiticular type of joint. 

It is no secret that mechanical joints such as are usually 
described as “cone” joints have not in all cases proved satis¬ 
factory; in fact for a number of years their use has been declining 
in favour of other types, though they are more satisfactory on 
copper or copper-alloy conductors than on aluminium conductors. 

Twisted or notched sleeve joints have been used extensively 
and quite satisfactorily on copper conductors for many years, 
but they have mainly been applied to the smaller sizes. Joints 
of the compressed, drawn or rolled sleeve types have been 
gaining in popularity for all sizes of conductor for a number of 
years and are now beginning to come into wider use in this 
country. It is to the compressed sleeve type of joint that special 
reference is made below. 

There is nothing new about the idea of compressing a sleeve 
or socket on to a conductor for jointing purposes, and com¬ 
pressed joints were certainly in service on overhead-line con¬ 
ductors in Canada and possibly elsewhere over 40 years ago. 
Th&y have been applied extensively to aluminium and steel- 
reinforced aluminium conductors and have now been adapted 

for use with copper, cadmium-copper and steel-reinforced copper 

-■.conductors. 

(7.1)'Compressed Sleeve Joints for Cadmium-Copper Conductors 
In making a joint of this type the sleeve is compressed on to 
* the ends of the conductor between the dies of a hydraulic press. 


Although a hand-operated press of compact form can be used, 
it is nevertheless a fairly heavy machine, weighing in the case 
of the larger sizes of conductor about 2-4 cwt, and is one which, 
in normal circumstances, can be used only on the ground. This 
disadvantage'appears, however, to be unavoidable and must be 
balanced against the advantages of the compressed joint, which 
experience has shown to be considerable. 

After numerous tests a sleeve of the shape and dimensions 
shown in Fig. 12(a) and weighing about 41 lb was found to be 
satisfactory for a 19/* 118 in cadmium-copper conductor having 
a minimum specified breaking load of 17 083 lb. The sleeves 
were cast in cadmium-copper, and in this form they are con¬ 
siderably cheaper than other types of tension joint hitherto 
employed. It was found that they could be used in the “as-cast” 
condition, there being no need for any special cleaning or finish¬ 
ing. The “as-cast” interior surface of the sleeve had no detect¬ 
able influence on the electrical efficiency of the joint, and on 
test the joints could be guaranteed to develop at least 95 % of 
the nominal tensile strength of the conductor. 

Tests showed that there was no advantage in using a sleeve 
longer than 12 in, and sleeves 16, 21 and 23 in long gave no 
higher tensile strengths than that obtained with the 12in sleeve. 
In all cases the finished diameter of the joint after compression 
was li in, and the final length of the 12in sleeve was about 14 in. 
In eight consecutive tests on 12in sleeve joints 97*3-104*7% of 
the nominal tensile breaking load of the conductor was obtained, 
and the average was over 100%. 

The length of the die used to compress the sleeve was 2 in, 
and the maximum total pressure applied was about 60 tons. In 
making the joint each compression should overlap the previous 
one by about 50%. A die longer than 2 in cpuld, with ad¬ 
vantage, be used, and one about 3 in long should normally be 
suitable, if the press is powerful enough. 

The method of compressing the sleeve, whether in steps from 
the centre outwards, from the ends to the centre or from one 
end to the other, had no apparent effect on the efficiency of the 
joint. A convenient procedure is to locate the sleeve, give it 
one compression in the centre to hold the conductor ends in 
position, and then, by a series of operations, to compress the 
sleeve in steps from the centre towards the ends. 

A sleeve of the overall dimensions shown in Fig. 12(a),^although 
particularly designed for a 19/* 118 in cadmium-copper conductor 
having a diameter of 0*59 in, could be used satisfactorily for a 
range of conductors if the bore were suitably adjusted. It is 
known to be effective on a conductor with a diameter as small 
as i in, but would normally be much too heavy and cumbersome 
for such a light conductor. The advantage of maintaining the 
outside cross-sectional dimensions of the sleeve constant over as 
large a range of sizes ,as possible is, of course, that the same set 
of compressor dies can be used over the whole range. 

To help in locating the joint a central stop can be incorporated 
in the sleeve. This may take any convenient form, such as a 
small protrusion cast on to the inner wall of the sleeve or a pin 
inserted through the wall. A stop which does not appreciably 
obstruct the clear line of vision through the sleeve is t,o be 
preferred so that the interior can readily be examined to ensure 
that it is clean and free from obstructions. 

(7.2) Compressed Sleeve Joints for Steel-Cored Copper 

Conductors 

The jointing of a steel-cored conductor is not as simple as 
that of a conductor which is composed of the same material 
throughout. The use of separate sleeves for the steel core and 
the conducting Wires necessitates the use of two sets of dies and 
the carrying-out of two series of compressing operations. It 
usually gives rise also to slight “birdcaging” of the outer wires 
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Fig. 12.—Compressed sleeve joints for cadmium-copper and steel-cored conductors. 
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A joint as shown in Fig. 12(c) had two separate steel ferrules 
compressed on to the ends of the steel cores, and a copper sleeve 
compressed over the whole conductor in steps from the ends 
towards the centre, thus overcoming any tendency to “cage” the 
outer wires. It developed about 98 % of the conductor strength. 

The design shown in Fig. 12 (d) eliminates the ferrules and 
consists of a single copper sleeve having differential bores. In 
six consecutive tests the results obtained were between 95-0 and 
97* 1 % of the nominal tensile strength of the conductor. A test 
on the sleeve itself showed that it had a breaking load of 
28 500 lb, or about 70% greater than that of the conductor. 

Before the ends of the conductor were inserted into the sleeve 
the tape was removed from the exposed portions of the steel 
core. If this was not done it was found that the core had a 
tendency to slip in the sleeve after compression. 

A cast sleeve joint of the dimensions shown in Fig. 12(e) was 
found to have a tensile strength of over 95%. 

The joint shown in Fig. 12 (f), which employs a sleeve of 
uniform bore with separate copper ferrules on the steel cores, 
behaves ip a manner similar to that of a single-piece sleeve 
having differential bores, and costs less. 

The modified form of copper ferrule shown in Fig. 12(g) 
increases the effective length of grip on the steel core and 
enables the length of the joint sleeve to be reduced. After the 
ferrules ha,ve been slipped over the cores the steel wires are 
opened out, bent back and located in the seven longitudinal 
grooves. The ends of the conductor with ferrules in position 
are then inserted into the sleeve, which is compressed in steps 
from the ends towards the centre. 

With a 12-in sleeve over 95% of the nominal strength of the 
conductors can be developed, and it seems probable that a sleeve 
only 10 in long before compression would be sufficient. 

It may be helpful to apply a coating of suitable grease or 
compound to the ends of the conductor before they are inserted 
into the sleeve. If there is any fear that moisture may gain 
access to the centre of the joint by capillary action through 
minute interstices left between the copper wires after compres¬ 
sion, a washer of some material such as rubber can be located 
between the ferrule and the ends of the copper wires so that 
after compression it forms a positive seal. 

(7.3) Dimensional Changes of a Sleeve during Compression 

The initial compression of a joint is accompanied by an 
elongation of the sleeve which, until the latter is pressed into 
intimate contact with the conductor, can be taken up by relative 
movement between the sleeve and the conductor. As soon as 
the sleeve has been pressed on to the conductor, however, it is 
no longer free to elongate independently, and both sleeve and 
conductor wires proceed to elongate together. When the con¬ 
ductor is composed of wires of dissimilar materials such as steel 
and copper, the copper wires elongate when compressed but the 
steel wires do not, because the pressure applied to them through 
the copper is insufficient to cause them to do so. There is 
therefore relative movement of the steel and copper wires. 


When a sleeve is compressed in steps from the centre towards 
the ends, part of its extension results in an elongation of the 
copper wires which causes them to be pushed back relatively 
to the core if the latter is not free to move with them. Unless 
the slackness of the wires so produced can be dissipated by their 
movement relative to the core over an appreciable length of 
conductor, which movement a compounded tape covering on 
the core tends to restrict, “birdcaging” of the copper wires will 
occur in the conductor immediately outside the end of the sleeve. 

If the sleeve is compressed from the ends towards the centre, 
some portion of its elongation results in the ends of the con¬ 
ductor separating and a gap being left between them at the 
centre of the joint when completed; the remainder causes an 
elongation of the copper wires relative to the steel core which 
results in the length of core beyond the end of the copper wires 
being reduced. Both of these changes must be allowed for in 
making a joint if “caging* 5 of the outer wires is to be avoided. • 

For example, in the joint shown in Fig. 12(g) very roughly 
half the total extension of the sleeve (about 2 in) is taken up 
by its elongation relative to the conductor and half by its elonga¬ 
tion with the outer wires of the conductor. To ensure that the 
minimum length of gap is left between the ends of the conductor 
when the joint is finished, it is therefore necessary to insert the 
end of the conductor with its ferrule which is to be compressed 
first, so that it is located about iin beyond the centre of the 
sleeve. After compression the end should then be about i in 
short of the original centre, and if the second conductor end is 
then inserted so that it butts up to the first end there should be 
a gap of about i in between, the ends after the sleeve has been 
fully compressed. 

To take up the relative movement of the copper and steel 
wires, since the core cannot withdraw from the ferrules, it is 
necessary to leave between the ends of the copper wires and each 
ferrule a gap of about £ in. After compression this gap should 
be closed. If such a gap is not provided, the ends of the copper 
wires exert a pressure on the ferrule which results in the steel 
core being pulled back relative to the copper wires, causing 
“caging” of the latter just outside the end of the sleeve in exactly 
the same manner as occurs when the sleeve is compressed from 
the centre outwards towards the ends. This action, however, 
might not be as pronounced in the case of a conductor in which 
a more efficient grip on the steel core could be obtained by pres¬ 
sure through the copper wires than is possible when the core is 
covered with impregnated tape. 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, 12TH APRIL, 1944 


Dr. J. L. Mffler: The paper deals most adequately with all 
significant aspects of copper conductors, striking, I consider, 
the most pertinent balance between the chemical, metallurgical 
and engineering aspects of the problem. I think, however, that 
. it would have been an improvement if a bibliography had been 
included; in particular, no reference is made to the large amount 
of previous work on hollow conductors both in Europe and in 
the U.S.A. Also, in the introduction, aluminium conductors 
-Should have received more notice. These conductors are 


widely used and the lack of reference to them there, where 
every type of copper conductor is catalogued, together with those 
isolated and brief references made throughout the body of the 
paper, can only create in the reader’s mind the impression that 
the treatment is not without bias. This would be an unfair 
criticism, but the authors could have avoided any risk of it by 
referring to aluminium in the introduction, . 

I find Section 2.2, particularly the remarks on the effects of 
impurities on the softening temperature of s copper, most in- 
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structive. Why, however, have tellurium and selenium which 
Pounced effect on the properties of cop£rb£ 

SfficonS ^ dlscussion > Particularly as these elements may 
c 0 PPer m amounts equal to those of silver? y 

wniie I do not question that a limit must be fixed for the 

1 wouId ask whether * most 
n T the 80 ° C ■* down by the authors 

dron 5ll ttemed, aS l here 18 not much doubt that voltage 
Jrop will be the governing factor. In any case 80° C is cited 

tion^lXT,^ l0DS Peri0dS ’ Which is an ambiguous qualifica- 
S th/lv 1866 any Way round the difficulty, except to ensure 
Snse?StSr mUm temperature ultimately chosen is sufficiently 

riSf° n 4 ’ 1 agree with ^ authors that cadmium-copper 
conductors are very satisfactory and have numerous advantages- 

fc a <5n?’ Cir re l atively sm aher diameters as compared with 
s.c.a. conductors reduce wind and ice loading. Nevertheless 
ere is a tendency to take excessive advantage of the excellent 

SSrhSbfes^^ 68 ° f th f* conduc tors, with the result that 

toS! ? “T UnleSS suitable Precautions are taken. 
Section 5 is extremely important. It appears from Table 2 

that many of the core protections studied^Tffie aShom ie 

wirn tne test site, I have no doubt that the corrosive condi¬ 
tions present were very severe. It is also interS Z rcTlt 
from the conditions of conductors 1, 2 and 9 (already shown to 

Sfe^toTSbk f th iDduStrial at mosphere) after the tests 
m Table 3, that even a rural area can eive ri^p +n 
corrosion trouble. This, of course, is only to be expSed but 
it serves to drive home the fact that under every condition of 
? Protection of the core must bTS.Z 
While on the subject of corrosion, however, I think it neces 
saiy to emphasize the fact that the tests described were pnS 

SSTLS^S f d not laboratoiy 

JefbS deviid T 6 SUItable artificial accelerated test has not 
' that • My e ? enence ’ and that of my colleagues is 

ffia one tot specimen, thought to be better than another as a 

U2J i8 ' 0ften f °und in practice to be actuaUy 

pSt 1 shouId ^ to hear the views of the authors on this 

iu?ig. e 7 ti0 m£ < S of'ffiem h™”*'- mpIoyed shown i 

& * wane an oi them have their merits I think- that tu* 

most Attractive ones, taking all factors into c^sidSation aS J 

the hoDow segmental and twisted I-beam conductor ie th^ 
shown in Fig. 7 E H and t > unau ctors, i.e. those c 

conductor are manv Tt iL T? advantages of the segmental t 

■ 


emial to th« a* °T“ UU > me a.c. resistance is almost have heen f„n„ ,Tt S UWIU g, mar me conductors 

equal to the d.c. resistance, and compared with the stranded nave bee ? f ully uiserted before compression? The assembly and 

asar 1 


h conductor and there appears to be little difficulty in producing , 
n satisfactory article on standard plant. 8 

y The remaining conductors all appear to have one off more 
shortcomings in regard to manufacture, production or jointine 
e and many of them in addition have the disadvantage of lame 
it weight/diameter ratios. Conductors G and F can be particu. 
s larly criticized for overhead-line work, F most specifically on 
e oun t of manufacturing complication; in this case, the six 
s I-beams would have to be twisted separately unless special plant 
- was employed. pwnl 

J Mr. J. R. Harding: In Section 2.1 the authors deal with con- 
' ductor el ongahon. It seems to me that, having determined the 
permanent extension, a simpler method of allowing for this k 
to erect the conductor to a sag corresponding to a lower tern 
perature such that the reduction of length due to temperature 
is equal to the increase of length due to permanent extension. 
It is then automatically compensated without any special calcu- 

£Sta» b tfE££‘ pe ™ m “‘ “ “ d ' xpa " sfo ” *“ 

, Jyp^P “1 Section 3 has been used mostly for substations 
but is the same type of conductor, and is made on the same 
plant, as hollow conductor for oil-filled cables. Has this con¬ 
ductor been tested for line purposes? The central spiral is, after 
an, performing the same function as the I-beam in Type (E) and 
if it is sufficiently rigid to maintain the circular forn, it should 
be quite adequate. Were the tests on steel-cored copper carried 

,mL° n H C ° ndU . Ct0rS actuaUy carrying current .and with super¬ 
imposed variations of temperature? I agree with Dr Miller that 
noftmg tote the jtoc. of a long period to actZl iS. 

steel-cored conductors it is very necessary for cone ten- 

Hkh K^ ps a “ d J° mts t0 be such that the lay of the strand is not 
disturbed, and that the steel and phosphor-bronze cone? are 

t0 the 8te f core and °n to the external surface of the 
conductor respectively without any relative longitudinal move- 
ment. It is imperative to avoid any “birdcaging” of the Conner 
^d^tog a**„bly to too damp. 

v X: n iT e - tyPe fl - tings generaI1 y 1 would say that, pro- 
tUreS m ®? t ! oned in connection with steel-cored 
pper are incorporated in the fittings, and provided also that 
the device used for compacting the cones gives adequate pres¬ 
sure, experience shows that cone joints give un failin g perfor- 

ZtiSttS* eleCtriCaUy - They are somSmrSS- 

thS- thk T certam amount of care is needed to assemble 
hem, this also applies to the joint described in the paper par- 

SS? 7, th Steel - COred copper > where allowan^ ^ to be 
ade for the creep. How can one be sure, even with a p lain 

SriSv S'TK r y Care “ fitting ’ that conductors ' 

corner 5 


muvcxneni oetween segments mtroducing a self-damriinv effivt 
^My colleagues, Mr. Clements and Mr Fuller and T haw 

«PgaI plttt is undoubted!}' i ’ r ° cosi,ira 

W 6 XlcLVG 3.1srt lYlorl a eavi&wnl ..._: ^ ' 


Mr. C. O. Boyse: Regarding the mechanical profiferties of 

would be simpler to deal with inelastic stretch by making an 

S V the nt oeSan^ e ? ^ ei ! ection temperature. Fig. 2 shows 
of stress STS- nga !, 10n responding to a change 
ateO-oSn/ 7 conditions to half breaking load is 
o SS»T5 m/m. Assuming a coefficient of expansion of 

temperatoe oT3?s d & w® toa reduction mention 

that althouffh it i. eg F. The objection to this procedure is 
sa2 Ifmaf f° Ugh when ap P Ued to fairly deep 

£* l6ad , t0 appre eiable errors because it- 

th t ^ ^tmg increase in erection tenlion 

adwstoente^vtftf ttl ^ ^ the percentage sag 


^^uubcuiy necessary. amuum oi compensation necessary 
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correctly derived* from Fig. 2, but investigation shows that 
the apparent discrepancies are caused by the difficulty in 
making accurate measurements on the small scale reproduction 
of the stress-strain diagram. Perhaps the authors could make 
available to those specially interested larger copies of the 
diagram suitable for commercial use. 

Under the V.D.E. regulations in force on the Continent, the 
maximum working conductor tensions are related to what is 
known as the “endurance limit” of the material. This limit is in 
no way connected with vibration fatigue, and is defined as the 
stress which a material will withstand for a year without breaking. 
A figure of 75 % of the ultimate strength is given for copper, and 
I would like to ask the authors if they consider this to be a reason¬ 
able value of stress up to which copper conductors could be 
assumed capable of resisting indefinitely stress changes corre¬ 
sponding to weather variations. 

Mr. K. L. May: After some twenty years’ experience of most 
of the conductors detailed in this paper I give the following order 
of preference: copper, cadmium-copper, Copperweld, steel-cored 
copper, and, lastly, steel-cored aluminium. 

One of the undertakings with which I am concerned, last year 
replaced by cadmium-copper a 7-mile steel-cored copper line of 
0-04 in 2 copper equivalent (12/*064 in copper/7/-064 in steel) 
erected about ten miles from the sea coast. This line had stood 
for ten ye^rs and the s.c.c. conductors had to be removed on 
account of corrosion. The steel was not protected by the tape 
to which the authors refer, but it was initially heavily bitumenized. 
The experience of most of our companies tends to show that a 
period of 10 years or thereabouts is a critical time for these com¬ 
posite conductors. Generally speaking, the authors’ tests rise 
«tto about 10 years, and although the figures they give are appar¬ 
ently very satisfactory, I wonder what will happen if another 5 
years is added, because once corrosion starts it seems to proceed 
at a very rapid rate. I think the authors will agree that, although 
they have devoted so much space to steel-cored copper, they 
do not suggest that it should replace copper on any line where 
copper could normally be used. 

I wish the authors had included a cautionary note as to what 
should be done in connection with vibration on most of these 
composite conductors and also on heavy copper conductors. 
There is a belief that copper is not subject to vibration, but the 
practice of working down to the Commissioners’ minimum per¬ 
mitted conditions for heavy conductors gives a ratio of normal 
line tension to breaking load at 40° F of approximately 3 to 1. 
I think this is much too tight; hence on our 0*2 in 2 copper lines 
we have increased this ratio to 4 to 1, either by assuming an ice 
loading »f i in instead of the present regulation of ■£ in, or 
by increasing the factor of safety in the sag calculation. We 
have had no trouble so far with the 0 • 2 in 2 copper erected m this 
way. My suggestion is that 4 to 1 is a reasonable ratio to keep 
copper fjee from all vibration troubles, and I should appreciate 
the authors’confirmation. 

To deal with the elongation of conductors, a common practice 
is to pull them up to roughly 60% of the ultimate strength 
and leave the load applied for 15 to 20 minutes. We have 
followed that practice for 15 years, and our maintenance Engineers 
find that the regulation of the line remains quite satisfactory. It 
seen$ to me that the last paragraph of Section 2.1 should be 
supplemented *to make it clear that the term span f? r . *“! 
purpose means equivalent or basic span, because if individual 
span lengths were referred to the theory could not be put into 

practice.* ' 7 , 7 ’• 

Mr. JHL W. GHnunitt: I agree with Mr. May in his advocacy 
of pre-stressing: It eliminates doubtful calculations. 

Conductors between 0*075 in 2 and 0*15 in inclusive, whe her 
of copper, other metals or composite metals, give very htt e 


trouble when erected according to the Regulations in force in 
this country. Troubles with conductors have occurred chiefly 
outside the above range, owing to the fact that the Regulations 
require a loading of f in plus a wind pressure of 8-lb/ft 2 , which 
is unsuitable for both the smaller and the larger conductors. 
The smaller ones are too slack at normal temperatures, and the 
large ones are a little too taut. 

I am at the moment more interested in the smaller conductors. 
Two or three years before the war, all ’sorts of composite metal 
conductors were being designed and different types of stranding 
were much in vogue; now after about six years there has been 
some corrosion and vibration trouble. I have always favoured 
copper, either solid or stranded, and I do not think that any real 
economy is effected by the use of composite metal conductors; 
that is for the sizes below 0*075 in 2 . 

I should like to ask the authors if they have had any experi¬ 
ence of vibration on the smaller cadmium-copper conductors 
that are supported on pin insulators. It was generally recog¬ 
nized that there would be no trouble with conductors on pin 
insulators. 

Use of Copperweld conductors has never been given a fair 
opportunity in this country; I believe that this type of conductor 
is the complete answer to the problem of the larger conductor, 
and also for smaller conductors where large spans are essential. 

Mr. W. J. Clements: I am surprised to find from Fig. 3 that 
the rate of softening and the point at which a rapid drop occurs 
are approximately the same for copper-cadmium and copper. 

I should have thought that the difference would be much more 
marked, and that copper-cadmium would resist softening to a 
much greater extent than copper. The authors refer to 80° C as 
a reasonable maximum for long periods, if any definite softening 
of copper is to be avoided. This seems to me to be on the high 
side for some brands of copper. It is also stated that the tensile 
strength of copper-cadmium conductors is 50% greater than 
that of copper conductors. For 0*050 and 0*066 in dia, this is 
correct, but in the larger sizes it is less; for 0*252 in dia the * 
increase in strength is only 33%. . 

A cadmium content of 0*8 to 1*0% is quoted, and this, I 
imagine, refers to the amount added in alloying, but I should like 
the authors to confirm this. There is normally an appreciable loss 
of cadmium in the melting furnace, and the residual cadmium 
content may be about 0*6 to 0*7%. Similar mechanical and 
electrical properties can be obtained by adding 0*65% of cad¬ 
mium and a small amount of other alloying material. 

The elimination of galvanizing, although not important from 
the theoretical point of view for preventing corrosion, has one 
practical disadvantage. It is almost certain that ungalvanized 
steel wire suffers some corrosion during transit and storage before 
it is put in the cable, and, this action having started, it will very 
likely continue after the cable is completed and put into service. 

A point which may be of interest in connection with Copper¬ 
weld is that there is a limit to the diameter to which it can be 
drawn and the continuity of the copper covering guaranteed. 
With 30% material this diameter is 0* 104 in, and with 40% it is 
0*080in. Below these sizes the copper coating is so thin that 
it is not possible to be sure that the steel is not exposed in sppe 
places. With another quality of Copperweld, the extra high 
tensile grade, not referred to by the authors, the limiting diameter 
i$ 0 V128 ip, since excessive cold work cannot be applied without 
further heat treatment, which itself cannot be carried out without 
detriment to the copper covering. / 

Recently I heard of a steel cable suspended at a given sag, 
smaller with time. Investigation showed 
th& corrosion of the centre wire of the cable causing 

the cable to expand and shorten the lay of the cable by internal 
pressure. Have the authors had a similar experience? 
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hnllc* T x. . 


- v-v* *. VV/ 11 UU 1 

in ^; W - r" NichoUs: 1 should like to join with previous speakers 
in hoping for a return to the pre-stressing of conductors in this 

f 1PuUi u g th f m up a little t0 ° ^ and hoping 
that they will go down when the first snowstorm occurs. Would 

“ ors rec ommend over-tensioning or pre-stressing for steel- 
cored copper conductor? 


„„h , ; 4UTOUUI s eei-cored copper conductors and Tables 2 

and 3, it is anomalous that in Table 2 the best results are obtained 
10 to 16, while the authors recommend sample 9 
1 think that they are probably very wise in stating that time alone 

«** -»duS^STS 

core will resist corrosion. y 

^t T T Td t0 , JGints ’ 1 do not want to be discouraging in 
view of the good work which the authors have done in the 
elaborate testing and development of joints, but I do think that 
tiiey have been a little over-zealous in saving metal The 
cadmium-copper joint which has to withstand a load of about 

nf?W S *° ny 12m u 118311(1 * ives a gtiP of only 6in; the whole 
iJS f “ ca “? ot be used > because the ends cannot be com¬ 
pressed fully. On test it has proved perfectly satisfactory, and 

it that anv numW j . •«* . .. 9 


impurities in the metal may give rise to corrosion due to elertm 
lyttc action. Pirn copper. howere,, to, tho OJe jg 
a low Knsde strength and this, in general, means compaS* 
short spans for the smaller size conductors. This matter is of 
importance in an agricultural district, particularly if the „ n L° f 
ttkmg „accu st „n>ed topaying fairly hijh ™Ss^£ 

disadvantage is oveicome by the use of 


Mjppci conductor/ . _. particularly it the under 

On the question of steel-cored Conner condnctorcanH t ki a taking is accustomed to paying fairly high wayleave rentals Th P 


«1 rahtforeeraen, Of these two, it 
coppei conductor, having the advantage of being homogeneous 
is the more satisfactory. This alloy lends itself to a v^Tno’ 
f nStruCti0n and is > “ m y opinion, in eve™ 
SbS P C ° PPer f ° r the Hght lines used in ™ral dis- 

t very ^ eason J t0 suppose that the improved methods 
Jftibave been devised to eliminatecoixosionin thestedSres 
of steel-cored copper conductors should be satisfactory h„t ^ 
seems that the cost of the core protection is hkelv in ihTi l,“ 
sizes, to raise the cost of the conductor to that of the equivalent 
m cadmium-copper or even higher. In the undertaST with 


luuy. un test it Has proved perfectly satisfartn™ ^ r ^ ’ r CVC11 ^gner. in the undertaking with 

I have no doubt that any number of reneat tests will d j ^ 13m associated 11 has been found uneconomical to frect « 

zsszz 

ferrules. This joint is more difficult to manufacture but allow¬ 
ance must be made for the careless man or the man 
to repair a line who forgets to put a ferrule in, so that there is no 
gnp on the steel. This may not be discovered for months, but 


n A OV 2 iuic wicn conductors smaller t 

0-022 m 2 , owing to the necessary reduction in snan wV' n 

and it is in this connection that the authors’ remarks on rwl’ 
gnP steel. This may not be discovered fo7months “but thtreSf 01 * “* V6ry “teresting. Unfortunately in the pS’ 
S5 th ® first saow storm the conductor wiU come down. The last Lnductor^nd ° f confusi °n between Coppemeld 

joint showm has the disadvantage of ferrules. I do not like bv a tnta C0 PP er 'd ad steel conductors manufactured 
bendmg back the steel core, which in the __" e totally different process. Some of thesa _ 


— —-me wnuucior will come 

jointshown has the disadvantage of ferrules. I do not like 
“ 8back ^ steel core, which in the steel-cored copper cot- 
ductor is usually high-tensile steel, thereby weakening the 
PO’ nt where the load may be greatest. 

Mr. E. W. W. Double: I should like to comment on two 

Vibration nf during tile discussion: (1) the eddy 

.vibration of overhead lines, and ( 2 ) the pre-stressing of con- 

uctors. Laboratory and field tests reported in the U S A and 
Germany show that vibration is reduced by the use of a three 
standed or triangular-shaped cross-section of conductor The 

imtiating vibration seem to be more reaSy Wd S 
^laraf n T s hni a h Cr0SS ' SeCt 7 n ’ P^ticularly if the diameter 


pSSz? 5 ^siSSS-SS 


-- 

quent pJS«SS,Tt'te 1“?"“ f “ “ bSe - 
calculalion should be a ? e l»»le *»8 


wuiu ana ice loadings. 

Comparative tests earned out by the E.R.A. show that th«.» 
mcrea,ses of line sag which normally occur after the erection or 
hv^St 8 cond uctor can be reduced by pre-stressing ie 
by firet applying a very high tension. This operation gives the 
individual wires an opportunity to bed-in quickly and unless 
the pre-stressing tension is „ i„*__ . un 1688 


extension is simi^T^ffiSTo^^r^f 18 - Perman 

the permanent stretch per unk S temperature. If 

xtaA __J • 1 ° 


Ee fin^cT 8 - mcrea ! es 111 sag it is advisable to pre-stress ture. For stonUf responding to the corrected tempera- 

( AAMdUdMU.*__ i _ »\ T. . * 


^appears to indicate that copper is 
of meeting the onerous conditions under which 
sudi conductors have to operate. It has a high reskSnT^ 
osphenc .coxtosion, even when industrial contamination i« 
Wes«it,and has the advantage that it can be easily tapSd^thout 
• S 1 Provision to avoid electrolytic action. £SJ£{: 
oyer aluminium for rural distribution lines s£ SSb 
connectors are available, there is alwa^S^ 


Mr A rwi-w g “ and SIze °f conductor. 

1UDkss ^ «yper is Jabwn 
long periods does ff t6 [ 80 ^ f or 

growth, which weakens Zucker states that crystal 

strength reaSes Wire ^comm e nCes when % loss in 

with SIKSs’&JiSEr ® ■ -«s s «i»w» 

months. According to Tnrir t i reaciles tius condition after two 
. .. ACCOMm S to Zucker’s paper, a reduction of silver 

62,7“ *** 0f ° Verhead t-ioe Wire,” Transactions American me., 1943, 
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below 0*002% is*not unimportant, and in fact with no silver the 
permissible temperature must be at least 50 deg C lower than with 
0*00i%; on the other hand, increase in oxygen above 0*025% 
has a negligible effect. Fig. 6 is misleading since it suggests a 
superiority for cadmium-copper which cannot be enjoyed owing 
to ground clearance and losses. Will the authors say how the 
oxygen and silver contents affect the annealing temperature of 
cadmium-copper? 

In practice, the question of damaging the conductor by load 
current would never arise in peace time, and there is little danger 
at any time. There is, however, quite a possibility of weakening 
by short-circuit current. The type of protection used normally 
cuts off the current in time on higher-voltage lines, but there is a 
grave probability of danger with light 11-kV lines connected to 
large substations. The matter is important for light-conductor 
rural lines, particularly when automatic-reclosing switches are 
employed. In view of the short duration, the authors’ curves are 
not applicable. Schmitt’s* investigation gave valuable results, 
but the influence of impurities was ignored. Altogether the data 
available ^re disquieting, but not illuminating. There is need 
for tests to determine the effects of variation in cold-working, 
impurities, duration of and stress during heating and on repeated 
heating at intervals. "The appropriate B.S. should grade the 
materials according to their annealing temperature, since 
otherwise it is difficult to know whether one is safe or not. 

The authors throw no new light on the problem of forecasting 
the temperature likely to be attained under working conditions. 
Will they quote their authority for the statement that solar 
absorption is negligible, bearing in mind that 50° C is the normal 
maximum temperature? Tests! in Switzerland on white and 
darlAbrown insulators showed rises of 14*8 and 28*7° C respec- 
1 tively over an ambient temperature of 28° C. The dark-brown 
or black weathered surface of copper would appear to be excel¬ 
lent for absorbing radiant heat. It is agreed that the wind 
velocity is seldom less than 1 m.p.h., but do the authors hold that 
their curves apply when its direction is along and not normal to 
that of the line? 

Mr. E. C. Neate ( communicated ): Due to present conditions, 
the paper deals only briefly with a number of conductors not in 
common use in this country. It would have been helpful had a 
bibliography been provided. For example, detail characteristics 
of “H.H.” conductor and Copperweld in a number of different 
sizes are available in the American “Standard Handbook for 


Electrical Engineers.” 

I do not agree with the statement in Section 5.1 that steel- 
reinforced copper presents no difficulty in handling or erection. 
Due to the bedding down of the copper strands into the tape 
there is \ considerable change in the characteristics. Little in¬ 
formation hias been published as to the non-elastic extension of 
this conductor, and satisfactory results can be secured only by 
adequate over-tensioning. The time, for loading is certainly 
more than the one or two hours suggested in Section 2.1. I 
would suggest a period of 48 hours, although this time depends 
to a large degree on the nature of the compound and conse¬ 
quently on the ambient temperature. This type of conductor 


* “Uber den Einflussvon Kureschluss-stromenauf die* Festigkeit und Leitfdhigkeit 
hartgezogener Drahte,” Elektrotechnische Zeitschrift, \ 928, 49, d. 684- ■, 
t “La couleur des isolateurs utilisds en plein air, Bulletin Association Suisse aes 
Electriciens, 1928, 19, p. 677*. 


is more liable to “birdcage” than plain or cadmium-copper 
strand. 

During the past ten years, I have not heard of a failure of any 
cone-type joint when used on homogeneous conductors. The 
trouble appears to be associated with composite conductors and 
to be one of many. Unless the cost of cadmium rises to pro¬ 
hibitive heights, it would seem difficult to establish a case for 
composite copper conductors. 

Mr. G. S. Sloan ( communicated ): The authors do not make 
clear how the lower modulus of elasticity should be used in cal¬ 
culating erection curves, having regard to the fact that such curves 
are based on the stress in the conductor when under specified ice 
and wind load. Their suggestion is correct when the proper 
tension at one particular erection temperature has already been 
determined, and it is merely a question of finding corresponding 
tensions at other erection temperatures. Careful tests show that 
the return curves are not always straight all the way down as 
shown in Fig. 1, but bend back towards the origin at very low 
stresses. Furthermore, the slope of the next run up is then 
slightly less steep. The extension of 0 ■ 11 % for 0 • 16-in dia. hard- 
drawn copper wire implies a modulus of elasticity of 28 X 10° 
lb/in 2 on the assumption that the loading was from zero to 
50% of its tensile, strength. The authors’ comments would be 
appreciated. 

Limited tests in which I have participated indicate that it may 
not be safe to rely on Fig. 2, and hence that the assumption of 
0-04% for the permanent extension up to 50% of the ultimate 
strength may not be well founded. One test on 7-strand 
0-025-in 2 copper conductor was as follows: It was first stressed 
in 15 steps up to 75% of its ultimate strength, the stress being 
reduced to less than 25 % between each step. It was taken down, 
coiled, and left for over two years, after which it was again loaded 
to 75% of its ultimate strength, showing an immediate permanent 
extension of nearly 0* 03%, which increased to 0-055% after two 
days, when extension had practically ceased. On unloading and 
reloading there was a slight decrease in extension, but after five 
days there was an increase of 0-025%, when extension had again 
ceased. Two repetitions of the loading and unloading with two 
days in between brought a further increase of 0-0085 %. These 
tests confirm the authors’ statement that extension practically 
cla sp s after a short time, but they also show that further increases 
occur on unloading and reloading; there is also a clear indication 
that long-term relaxation has a big effect in permitting further 
extension. It should be noted that the maximum stress was 75 % 
of the ultimate, as in Fig. 2, and it is not certain what the result 
would be if the stress did not exceed 50 %. In the N.P.L. tests,* 
where 50% was not exceeded, the permanent extension was 
0-08% for a stranded conductor, but only 0-02% for a single 
wire. Our tests indicate that the number of strands affects the 

results. '■ 

I agree that the ultimate modulus is more nearly 17 X 10° 
than 18 x 10 6 lb/in 2 as found by the N.P.L. tests referred to 
above. This discrepancy confirms that sufficient is not yet 
known about the problem, and that even well-authenticated 
results should not be accepted as universally correct without 
qualification. 

* “Report upon Tests on Hard-drawn Copper Wires and Cables for Overhead 
Transmission Lines,” Journal I.E.E., 1923, 61, p. 997. 


THE AUTHORS’ REPLY TO 
Mr. G. W. Preston and Dr. H. G. Taylor (in reply) : We shall 


riUVU Ufl.YV UVA/U J.OUV^ —-"•.;>> . , , 

Messrs. Harding, Boyse and Bowling suggest that the simplest 
• way df determining erectfon sags for an unstretcffied condn^qr 


.-.a 

is to treat the permanent stretch as a thermal variation of length 
and dbtak the erection sag and tension from the normal design 
curves by merely assuming a reduction of erection temperature. 
They would appear, however, to have overlooked the significance 
of the change in modulus which takes place when a conductor is 
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tension in the conductor at the same <?»o- aft or ,> j, OP l * ® and ® */*• We have not heard of the sag of a cnnrhw 

S “ 7u“"™ lMdins ' Tt " method of cafculato £.‘ ££3£°" i ° g ” * shon “ i,,s ° f * e l>y, but conceive it" 
SSr d fofS.“” — —■ - - — ~ 00. funher ^ „ would - tott , 


--- - -/o* xxcvv^f uui iicaru ox tne sag of a 

bTSe " * !h ° rKni ^ ° f tte *W. *“■ ttOMnStS 

—-- —* b«.ui. ^ Mcholls .—-Without further experience we would hesitate 

, As suggested by Mr. Boyse, we shall be glad to make arai i, h u expres ? any . defimte Preference for either over-tensionine Tr 
larger scale copies of Fig 2 if reauired hnt.™ make available pre-stressmg with steel-cored copper conductors Farh ”5. °5 
there are any aVenfdl^ £ *£“S»- «* disadvantages. “£? 

ments given in Section 2.1. The figures quoted can bederifedfrom save tS h COmpresse t d sle eve joints was not primarily 1 ?© 
information given in the text, if necessary without referring L fn bu ! t0 A Save weight > cost and time in making the i<Lt 

Fig. 2, provided that the correct method ofcalculation Jadonld Mr ‘ Allwood -~ As an alternative to the use of a high-strenSh 

In reply to Mr. Sloan, it is not poSe ffie spa*2£ SEL**** r f^ orcement with Copperweld is the fnlt2 

able to explain how erection sag calculations should he made s tls ^ c t°ry method at present available of increasing the tenciie 
employing the lower modulus of ekS ft isaffite asZt ° f ** SmaUer sizes of landed coppS «SndSS 

matter, and details can be obtained from the published literati P ^.l er ,f . a , co PP er sectional area as small as 0- 01 in 2 is remnYed 

Limitations of space prevented a discussion of the effects of ™ nted , by the evidence on which supposedly they are based w* 
tellurium and selenium in copper. In the amounts ifShich the n0t 7™ ° f any evidence ^ent to justtfy thSres^r 
these elements may be expected normally to be nresentfa w? ? 0n ? usions regarding the effect of silver wffich Mr L 
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SUMMARY 

Experience in service and at short-circuit testing stations has demon¬ 
strated that the behaviour of circuit-breakers when breaking short- 
circuit currents depends on a number of factors which have been 
termed conditions of severity. They include circuit power-factor, re¬ 
covery voltage, earthing conditions, and current asymmetry, and are 
specified in certain clauses in current testing specifications. 

The paper deals with a further condition of severity which has been 
acknowledged but is not specified in specifications, namely the re- 
striking-voltage transient and its important controlling attribute, the 
rate of rise of restriking voltage. The aim of the paper is to place 
this severity factor in its correct perspective by stating its effect on the 
performance of plain-break oil circuit-breakers, oil circuit-breakers 
fitted with arc-control devices, and air-blast circuit-breakers. Com¬ 
pared with the relatively small effect that rate of rise has on plain- 
break and arc-control oil breakers, the importance of the effect of 
rate of rise on the performance of air-blast breakers is emphasized, 
and recommendations are made as to the utilization of this important 
factor in the rating, testing and selection of these breakers. 

. A method is proposed for testing certain types of high-voltage air- 
blast breakers whose breaking capacities are above those for which 
testing stations are normally equipped. 


• (1) INTRODUCTION 

The phenomenon of breaking an alternating current by a circuit- 
breaker is governed by the current being interrupted at zero 
value, tjtie voltage re-establishing itself across the circuit. This 
re-establishing voltage is known as the restriking-voltage transient 
and has an important influence on the performance of certain 
types of circuit-breakers. > 

B.S. 116* Parts I and II, and the I.E.C. specification for oil 
circuit-breakers correctly define and specify the well-known 
factors contfolling circuit severity, including circuit power-factor, 
v °ltage, earthing conditions, and current asymmetry. 
This paper deals with the further important factor of restriking 
voltage. The chief factors governing the amplitude of the re¬ 
striking-voltage transient are stated in the above specifications; 
bu^ Q,wing to the limited knowledge available when they were 
drafted, the rat<Pat which the voltage re-establishes itself is merely 
mentioned and not specified. 

■■ . * A. Reyrolle & Co., Ltd. 
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The introduction into circuit-breaker testing technique of the 
cathode-ray oscillograph has contributed appreciably to our 
knowledge of a.c. arc phenomena, while the results of extensive 
short-circuit tests on various types of oil circuit-breakers and 
on air-blast circuit-breakers have given a clear conception of the 
relative bearing of restriking voltage on performance. 

The bearing of restriking voltage on standardization proposals 
in respect to rating, testing, and selection of high-voltage circuit- 
breakers is outlined. 

Lower-voltage circuit-breakers, such as those of the air-break 
type, are excluded from the paper as the arc phenomena are of a 
different character. In these breakers, the arc voltage is a high 
proportion of the circuit voltage and instability of the arc may 

* prove a more important determinant of behaviour 4han the ' 
restriking voltage. 

(2) GENERAL 

(2.1) Restriking-Voltage Transient 

B.S, 116 defines the restriking voltage as a high-frequency 
transient voltage that exists at, or in close proximity to, each 
current zero pause during the arcing period, the important 
attributes being the amplitude and the rate of nse (expressed in 
V/fts) at the moment of arc extinction. 

Since the restriking voltage is not always a high-frequency 
transient this definition is not sufficient for general use; it is, 
however, applicable to the testing •’ of circuit-breakers, and for 
our purpose is taken as the voltage varying with time that appears 
between the contacts of a circuit-breaker immediately after the 
current has been interrupted. 

As the breaker at the moment of final arc extinction can in¬ 
fluence the shape of the transient voltage recorded, 3 it is essential 
to differentiate between the inherent restriking-voltage transient 
of the circuit and the restriking voltage recorded during circuit- 
breaker tests.. " ; /s. • ■ 

The simplest form of inherent voltage transient is a single- 
frequency damped oscillation (Fig. 1). The rate of rise of 
restriking voltage is usually interpreted in this country and. in 
the United States by a line drawn from the origin tangential to v 
the initial peak, its slope being expressed in V//xs. 

• Two modifications which frequently arise in practice are shown 
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or at any location in a network, the necessity of- basing a state¬ 
ment of severity on the inherent transient will be evident. It is, 
necessary, therefore, to define this transient, and the following 
definition is suggested: 

“The inherent restriking voltage is a voltage varying with 
time that would appear between the contacts of a circuit- 
breaker immediately after the interruption of the current in 
the circuit, under the ideal conditions that the circuit- 
breaker in no way alters the transient phenomena and that 
interruption occurs when the circuit has a zero d.c. com¬ 
ponent and 100 per cent recovery voltage.” 

The necessity of a specification covering standardized methods 
of calculating and assessing this inherent rate of rise (R.R.R.V.) 
will be apparent. Draft clauses have been prepared for con¬ 
sideration by the I.E.C., but this work has been deferred by the 
war. 

(2.2) Classification of Circuit Transients 
Restriking-voltage transients, and consequently their respective 
circuits, 4 can generally be placed under three main headings, 
namely:— c 


Fig. 1. Diagram illustrating the influence of the circuit-breaker on the 
circuit inherent transient. 

(1) Inherent transient. 

(2) Effect of arc voltage. 

(3) Effect of high post-arc conductivity. 

(4) Peak recovery voltage (system frequency). 

in Fig. 1. In one case the inherent transient amplitude is in- 
creased above the normal, and in the other the initial peak is 
much reduced. 

When considering the conditions of circuit severity during test 


(1) Single-frequency oscillatory transients 

(2) Double-frequency oscillatory transients 

(3) Non-oscillatory transients 

Combinations of these types are experienced, but the freatment 
of such combinations is usually covered by resolution into the 
above elementary types. 

Examples of typical inherent transients recorded by the 
restriking-voltage indicator 5 and details of the equivalent circuits 
are shown in Fig. 2, columns (A) and (D). Columns (B) and 
(C) indicate how a particular transient may be modified, r de- 


(A) 

inherent transient 

R.V.I. RECORD 


(B) 

TURBULATOR 

CIRCUIT-BREAKER 


(C) 

PLAIN-BREAK 

CIRCUIT-BREAKER 


(D) 

• TEST CIRCUIT 
1st PHASE TO CLEAR 














m.; •; F,g * 2 - Restrik tag-voltage transients for typical circuits, recorded on the first phase to dear for different test conditions. 
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pending on the type of circuit-breaker employed. The circuits 
employed at testing stations and the various circuit-breaker 
location points on supply companies’ systems can usually be re¬ 
solved into one of these standard forms, enabling an assessment 
of restriffing-voltage severity to be made on some agreed standard 
basis in line with the above classification. 


(3) PHENOMENA OF ARC EXTINCTION 
A “break” operation by a circuit-breaker creates an arc which 
is controlled until a current zero is reached when arc extinction 
can take place. This extinction depends upon the de-ionization 
of the residual arc path at current zero and the ability of the 
dielectric condition to withstand the restriking-voltage transient 
which appears after current ceases to flow. To be able to control 
this de-ionization in the least possible time various devices have 
been introduced in different types of circuit-breaker. 

Our knowledge concerning this critical period in the rupturing 
of the arc has greatly expanded in the last few years, but it 
is still not complete. At the same time, the various types of 
breakers iff use, e.g. plain-break oil, arc-controlled oil, and air- 
blast breakers, etc., have very different de-ionizing charac¬ 
teristics. Consequently, no generalization of zero-pause pheno¬ 
mena of universal application is practicable. No analysis of the 
de-ionization theories applicable to the different types of circuit- 
breakers is* possible, but the ultimate result it is desired to 
achieve is the same, namely the establishment of a dielectric con¬ 
dition between the circuit-breaker contacts in the shortest possible 
time to prevent the arc restriking after current zero. 

Two main theories have been advanced' to account for the 
ability of the arc gap to withstand the restriking voltage. The 
•first, and the simplest, is the dielectric-recovery theory; the 
second is the energy-balance theory. 

(3.1) Dielectric-Recovery Theory 
The familiar dielectric-recovery theory is based on the con¬ 
ception that the inter-contact space attains a dielectric condition 
during the zero-pause period which will withstand a certain 
voltage, the magnitude, the rate of rise and the duration of this 
voltage being a measure of dielectric recovery. Thus in oil 
circuit-breakers, decomposition and carbonization of the oil take 
place during each arcing loop, these changes being accompanied 
by ionization of the gas and vapour in the vicinity of the arc 
column. Control of the degree of ionization at current zero is 
obtained by adopting methods for effecting and aiding de¬ 
ionization. 

Valuable information of the rate of dielectric recovery is ob¬ 
tained by* measuring the transient voltages recorded at each 
arcing-current zero up to and including the final clearance. 
Analysis of a series of such records enables the values of the 
maximum dielectric-recovery voltage at which restriking just 
fails to mce place to be ascertained for comparison purposes. 

Fig. 3 gives dielectric-recovery curves for typical circuit- 
breakers, based on cathode-ray records obtained with the same 
test circuits. These indicate that the rate of dielectric recovery 
for final clearance is closely dependent on the type of breaker, 
and also that the characteristic shapes of these curves in respect 
to current broken are widely different, ; 
from Jhese records that much more is involved than the mere, 
attaining. of a* minimum, electric strength, and that both the 
circuit conditions and the physical provisions made for promoting 
de-ionization play important parts. 

-■ *(3.2) Energy-Balance Thcwny ; v 

A more recent theory 8 of arc extincti^ 
siderations has been advanced, and is a modification of the old 



Fig. 3.—Diagram showing typical dielectric recovery characteristics for 
three types of circuit-breaker, together with curves showing the 
probable influence of these circuit-breakers on the system rates of 
rise. 

Curve 1—Assumed boundary curve of inherent system severities for various MVA 
values. 

Curve 2—Resultant severity that would be recorded when using plain-break oil 
circuit-breaker. 

Curve 3—Resultant severity when using turbulator circuit-breaker. 

Curve 4 —Resultant severity when using air-blast circuit-breaker. 

Curve 5—Apparent dielectric recovery curve of plain-break oil circuit-breaker 
(based on arc-extinction conditions). 

Curve 6—Apparent dielectric recoveiy curve of turbulator circuit-breaker (based on 
arc-extinction conditions). 

Curve 7—Apparent dielectric recovery curve of gas-blast circuit-breaker (based on 
arc-extinction conditions). 

theory propounded for d.c. arc extinction. In this theory the 
physical conditions obtaining in the breaker in the vicinity of 
current zero are correlated with those of the circuit on the as¬ 
sumption that before arc extinction can be effected the energy 
dissipated by the process of de-ionization must be greater than 
the energy input from the circuit. 

Whilst this theory aims at a comprehensive exposition of arc # 
extinction for all conditions, the published results so far available * 
indicate that before it can be effectively applied the physical 
features of each class of breaker and also those of the circuit 
must be fully known. * 

(4) INFLUENCE OF CIRCUIT SEVERITY ON CIRCUIT- 
BREAKER PERFORMANCE 

As pointed out in Section 2, the type of circuit-breaker in¬ 
fluences the shape of the restriking-voltage transient recorded, 
but conversely the shape of this transient governs the behaviour 
of the circuit-breaker, the extent of such influence depending 
on the type of breaker. For establishing this influence with 
various types of circuit-breakers, the main sources of information 
have been research and experimental test data, although the 
relative effects may also be noted in service when breaking with 
oil circuit-breakers under fault conditions. In general, on 
3-phase breakers, the severity of the first phase to clear controls 
arc extinction, and this is implied in all future reference to the 
R.R.R.V, 

(4.1) Plain-Break Gil Cimiffbreakers 

In circuit-breakers of the plain-break type the arc is quenched 
in a static gas bubble produced by the decomposition of the oil; 
the de-ionizing effect is here probably caused-by turbulence set 
up by gas and vapour from the walls of the gas bubble, especially 
from the zone towards winch tta^ 

electromagnetic repulsion in normal designs of breaker. These 
gas bubbles have relatively high post-arc conductivities which 
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largely damp out transient phenomena with a frequency above a 
certain critical value. 

The cathode-ray oscillograms in Fig. 2 reveal the pronounced 
damping obtained with a plain-break breaker. In view of the 
residual post-arc conductivity, which acts as a varying resistance 
across the capacitance-inductance combination of the circuit, 
any frequency above a certain value is damped out, with the 
result that no appreciable increase in arc duration is observed for 
the higher natural frequencies. 

Fig. 4 (a) shows the relative effects of restriking voltage on a 



RftTE OF RISE OF RESTRIKING VOLTAGE, V//js 

Fi £ ^-Muenec of the restriking-voltage transient on circuit- 
breaker performance, based on boundary curves of arc duration. 

rated e MVA° r 10 °^ ° f rated MVA ’ and curve < 2 ) 10% of 

(a) Plain-break circuit-breaker. , (b) Turbulator circuit-breaker. 

(c) Air-blast circuit-breaker. 

plain-break circuit-breaker, indicating that for R.R.R.V.’s 
above 600 or 800 V//xs there is relatively little increase in the 
duration of the arc. This observation is borne out by many 
investigators and is the reason why the R.R.R.V. has not been a 
vital item in the standardization of oil circuit-breakers, for testing- 
station conditions adequately cover the worst possible service 
conditions. 

(4 '^) V*1 Circuit-Breakers with Arc-Control Contacts . 

These circuit-breakers embody arc-control contacts, of which 


the “turbulator” is typical; in these the high gas-pressure generated 
by the arc is confined to a small arc chamber. The arc is care¬ 
fully positioned relative to the side vents to enable the residual 
path to be de-ionized by a stream of hot gases and vapour dis¬ 
charged at high velocity through the vents. " 

Turbulator pressures recorded on the oscillograms in Fig. 5 A 
indicate that the gas pressure is built up inside the turbulator 
over a greater part of each arcing loop, thus producing a de¬ 
ionizing characteristic at the current zeros which increases in 
effectiveness with increasing short-circuit current. This class 
of breaker has a similar but improved characteristic as is 
shown in Fig. 4 (b) where the duration of the arc is seen to be 
no more susceptible to rate of rise than the plain-break design. 

The flat restriking-voltage/arc-duration characteristic of the 
turbulator breaker over the rate-of-rise range investigated is not 
due to post-arc conductivity (as can be deduced from Fig. 2) 
but to the extremely rapid manner in which this class of breaker 
regains the necessary dielectric strength in the arc cavity, thus 
providing an ample margin over likely restriking transients 
under service and testing-station conditions. Fig. 5b shows the 
process of arc extinction in the turbulator, and correlates electro¬ 
magnetic and cathode-ray oscillograms. 

(4.3) Air-Blast Circuit-Breakers 
Air-blast breakers such as the high-air-velocity axial-blast 
nozzle types, while differing in detail in design, closely resemble 
in basic features the type considered here. The operating pressure 
and the air-reservoir capacity are fixed by the rating, duties, and 
economic considerations, so that there is inherently an excess of 
air pressure for light switching duties as against that for the 
heavier duties. „ 

Tests on these breakers indicate that they are highly sensitive* 
to the rate of rise of restriking voltage. Fig. 6 shows a typical 
R.R.R.V./MVA characteristic of an air-blast breaker in which 
the nozzle diameter is fixed and the air pressure is kept constant 
uiespective of the current broken. This characteristic, which 
approxunates to a rectangular hyperbola, indicates that at low 
MVA values the breaker can cope with higher R.R.R.V.’s than 
at high MVA values. If the rate of rise is increased above the 
va ue indicated for each MVA level, then the additional stress 
will produce a sudden increase in arcing time as shown in 
Fig. 4(c). 

Unlike the other two types of breaker referred to, the per¬ 
formance of this type is dependent upon the R.R.R.V. 

There are two ways of restricting the R.R.R.V. that can 
occur in a circuit-breaker: (1) by embodying a capacitor across 
connected apparatus or across the breaking unit of the circuit- 
breaker; or (2) by embodying a resistance unit which if connected 
uring the arc-extinction period. Each is technically possible 
in most cases, although for outdoor high-voltage breakers 
•neither is very attractive. . 

Resistance switching is practically essential for heavy-duty 
lower voltage breakers, but not for the higher-voltage breakers 
where R.R.R.V./MVA characteristics can be obtained with 
designs which can cope with Ordinary conditions of service. 

Where it is necessary to incorporate resistors, the choice of the ' 
ohmicvahie is governed by the following considerations 
(a) The resistor should modify all transients so that the re¬ 
sultant rate of rise is not in excess of that whiclv the breaker can 
deal with at any fault MVA value within its rating. ” 

(р) For high-voltage breakers economic designs are possible > 
^Without resistors. Where resistors are employed they 
should be .required to. Cut down only the higher rates-of rise, ‘ 
hence the ohmic value should be relatively Egh, thus- making % 
accommodation possible. 

(с) For lower-voltage breakers the resistance value must be 







Fig. 5b. Turbulator circuit-breaker characteristics, showing the process of arc extinction 
correlated with electromagnetic and cathode-ray oscillograms. 
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THREE-PHASE. S.C. MVA 


RATED 
MVA VALUE 


Fig. 6. —Typical air-blast circuit-breaker R.R.R.V./MVA charac¬ 
teristic. Boundary curve for satisfactory clearance for declared 
air pressure and rated voltage. 

such that an economical design of breaking unit can be produced 
for the rating required. 

(d) Methods of introducing the resistor into the circuit are: 

(1) by permanently connecting it across the breaker contacts; 

(2) by automatically connecting it through an auxiliary electrode 
during the operation of the breaker; the choice of resistance 
might be influenced by adopting this latter method. 

One possible resistance value is given by: 

R c ~ iV(L/C) = ( \/LC ). 7tL = 7 t/L, 

wfiere/is the natural frequency corresponding to the R.R.R.V. 
limit of the breaker at the short-circuit current (!) under con¬ 
sideration in the absence? of such a resistor, and L is the 
inductance obtained from F/(314 x zy3) where Vis the rated 
voltage. This resistance is, of course, the critical damping re¬ 
sistance of a circuit of frequency / and inductance L. If this 
value is chosen, the breaker will deal with all rates of rise. If 
twice this value is chosen, any frequency above 2/*will be critically 
damped, while frequencies below 2/will .be damped sufficiently 
for their severity to be within the R.R.R.V. limit of the breaker. 
The effect at other MVA values will require verification, taking 
account of the breaker characteristics. 

(5) REVIEW OF STANDARDIZATION IN RESPECT OF 
CIRCUIT SEVERITY 

It is important to review the question of standardization in 
the light of the influence of circuit severity on circuit-breaker 
performance outlined in Section 4. 

(5.1) Plain-Break Oil Circuit-Breakers 

The I.E.C. specification and B.S. 116 both acknowledge that 
the R.R.R.V. has a bearing on circuit-breaker performance, but 
no attempt is made to assess a quantitative relationship ’and 
express this in the specification. It was appreciated by some 
members of the Drafting Committee that the characteristics of 
the oil circuit-breakers under discussion were such that the 
breakers would not be seriously affected by small variations of 
the R.R.R.V. at different testing stations, provided that current 
ana power factor were controlled by reactances and resistors 
connected in series, and that no parallel combinations were 
■ used. 

If&e specification for the rating, testing, and selection of these 
circuit-breakers has to be revised, there will still be no real 
need to embody any further rate of rise conditions* This is ech¬ 
oed by the very satisfactory ’behaviour of these breakers in 
industrial service over many years, v 


(5.2) Oil Circuit-Breakers with Arc-Control Contacts 
The same remarks apply to these breakers, for which testing 
stations conforming with B.S. 116 or the I.E.C. specification 
employ R.R.R.V.’s in excess of those that appear to Influence 
the characteristics of the breaker. 

(5.3) Air-Blast Circuit-Breakers 

Cognizance must be taken of the R.R.R.V. when testing all 
air-blast breakers, and with those not fitted with discharge re¬ 
sistors the rate of rise when rating and when selecting for service 
must also be taken into consideration. 

The configuration of the contacts on these breakers is controlled 
by the voltage rating to a greater extent than in oil circuit- < 
breakers, and wherever possible test conditions should therefore 
give the specified minimum recovery voltage across the breaking 
unit over the full current range. Tests as laid down in B.S. 116, 
Part II, do not entirely prove the suitability of the breaker for 
its rating. For certain designs, tests can be employed that fake 
into account those characteristics and design features^ of the air- 
blast breaker which give a reasonable proof of adequacy in 
respect to performance. 

When considering the R.R.R.V. in the selection of breakers, it 
is important that all aspects of the problem be borne in mind, 
and a simple basis adopted which avoids any risk of inadequacy. 

(6) SERVICE AND TESTING-STATION SEVERITIES 
With the appearance of air-blast circuit-breakers on the 
British market, the necessity of examining both service and 
testing-station severities arises. ^ 

Testing stations and system circuits can generally be resolved# 
into the three distinct types indicated above; examples which give 
restriking-voltage transients complying with these classifications 
are shown in Fig. 2(a ). In systems, the type of transients to be 
anticipated depends on the system layout, the location of the 
fault, and the point of clearance. Thus, even short lengths of 
cable can have a marked influence on the rates of rise caused by 
inductive apparatus; this is shown in Fig. 8. 

At testing stations, the fault location and the circuit-breaker 
position are fixed, and consequently the circuit conditions are the 
only determining factors. 

Methods of analysis for various typical system conditions are 
described in Section 11.2, which gives the rates of rise on the 
first phase to clear on 3-phase faults. 

(6.1) Service 

The service conditions discussed cover only the r range of 
current and voltage for which air-blast breakers are likely to be 
used, and these are, in effect, covered by B.S. 116, Parts I and II, 
for the corresponding oil circuit-breakers. 

The services for which circuit-breakers are used can be^classified 
as follows: (a) switching generators, (b) switching transformers, 

(c) switching feeders, and (^switching reactors. The majority 
of h.v. circuit-breakers perform duties (b) and (c). There are 
also a number of minor uses which usually only arise with the 
smaller ratings; these include switching duties for capacitors and 
motors. In certain instances, these can be brought under one 
of the above main classifications. 

The importance of ensuring that a breaker can cope with all / : 
the likely conditions at its location is obvious, but before assessing < 
the probable severities for the various services classified above, S 
it is desirable to consider the types of circuit and the ..various i 
pieces of apparatus constituting the power system. * 

;(&i.D : :G^ ■ 

Defining generators by fcVA rating and percentage reactance 
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where L - |. q*(l x + 


C = Effective secondary capacitance of unit 
transformer. 

(1) General case (c): L x Transformer ratio 
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automatically infers a given inductance value which, while varying 
with the relative amount of fault current supplied by the generator, 
is a minimum at the full fault current. Hence the maximum 
severity in respect to the R.R.R.V. will be found from a con? 
sideration of its normal inductance. 

The other main component controlling the natural frequency 
is the effective capacitance of the generator, and the supple¬ 
mentary capacitance of thf leads between the generator and the 
switchgear. This combination can be resolved into the circuit 
shown in Fig. 7(a), assuming L x is negligible. 

The modem practice in h.v. switching is to connect the 
generators to transformer banks without the intermediary of 
switchgear, so that the duty on the switch controlling this com¬ 
bination becomes, in effect, that of a transformer switch, the 
capacitance controlling the oscillation being that of the trans¬ 
former secondary winding to earth in conjunction with the 
inductance of the combination. 

This is dealt with broadly in the next Sub-section. 


technique of installing them so that their rates of rise do not 
exceed those of an equivalent transformer. 

If this is not done, all the extremely high R.R.R.V. valueslhat 
could be produced by the use of reactors would have to be ex¬ 
plored and their highest values taken, under what in many cases 
would be freak conditions. The conditions of severity would be 
such that in many cases the breaker would prove uneconomical. 

The natural frequency of the reactors can be reduced by 
utilizing cables or auxiliary capacitors, or alternatively the re¬ 
actors could be shunted by resistors. The calculations necessary 
are given in Section 11.2.5. 


(6.1.2) Transformers. 

The capacitance of transformers is smaller than that of 
generators, and hence if the reactance of the transformer alone 
is taken into account a very high natural frequency will be found. 
In practice, the transformer cannot feed any fault current unless 
it is in turn fed from another source; consequently the reactance 
of this source automatically increases the effective inductance, 
giving a resultant lower equivalent natural frequency with a 
corresponding reduction in the R.R.R.V. 

The upper curve of Fig. 2(a) shows a typical restriking- 
voltage transient of , a transformer taken with the restriking- 
voltage indicator. From the analysis of a number of these 
records, and from other published data, 9 * 10 Fig. 9 has been pre¬ 
pared to show the distributed capacitance for a range of trans¬ 
formers. It will be noted that these capacitances vary with the 
voltage and kVA rating of the transformer; and variations for 
'the same voltage and rating arise according to type and speci¬ 
fication.’ As the natural frequency varies inversely as the square 
root of the capacitance, any error in the latter only results in the 
natural frequency deviating by approximately half the error. 

Typical circuit connections for transformer banks are given in 
Fig. 7(e) and (A). 

(6.1.3) Feeders. 

In relation to generating and transforming plant, feeders con¬ 
tribute a much heavier capacitive effect with a correspondingly 
lower reactance, and where feeders are short the capacitance acts 
as a shunt to the inductive apparatus, reducing the rate of rise 
accordingly (Fig. 8). For example, a power station built up 
with a number of reactive components contributing fault current 
has, in itself, a higher rate of rise when no cables are connected 
but as soon as a single cable is connected a considerable reduction 
results; progressive reductions take place as other cables are 
connected. 

Cables have a greater influence than overhead lines, although 
the latter have an appreciable effect, especially at higher voltages. 

As the length of an individual feeder increases it progressively 
takes over control of the rate of rise until its characteristics 
completely predominate. 

(6.1.4) Reactors. ' 

Reactors in themselves, used without knowledge of their 
transient characteristics, are the greatest potential source of high 
yates of nse, in view of the relatively small capacitance inherent 
“ r? e Short cable lengths can however effect an appre¬ 

ciable reduction, and in view of the relatively small numbers of 
breakers controlling reactors, it seems preferable to lay down- a - 


(6.1.5) Grouping of Service Conditions. 

, A circuit-breaker to be universal in application must be 
able to deal with all the conditions of severity which may arise 
, within its MVA rating. 

Normal British practice has been to plan networks without re¬ 
actors as far as possible, while at the same time providing ade¬ 
quate alternative feeds without undue concentrations of power. 
In certain power stations reactors have had to be used, but the 
• general practice for substations is to have two or three feeders 
with step-down transformers only. The main stations on inter¬ 
connected systems supply only part of the total fault currents 
at the busbars, the remainder being supplied by the feeds from 
the rest of the network. 

Where all the fault power is supplied by local generators either 
with or without transformers, the highest R.R.R.V.’s are ob¬ 
tained up to the maximum fault-current values. Very few 
examples of this occur in this country. 

To present a picture embracing all the conditions to be'satis¬ 
fied by any breaker, diagrams have been prepared for the various 
standard voltages and MVA ratings on the basis shown in 
Fig. 10(a) for 132-kV service duties. 

Curve A is the R.R.R.V./MVA characteristic that would be 
obtained with increasing sizes of transformer plotted against 
their fault MVA, ignoring the reactance of the power feed and 
assuming the transformers are 10% reactance units as used on 
the Grid. 

Curve B is the R.R.R.V./MVA characteristic for increasing 
sizes of transformer taking account of the power on the remote 
side, assuming the feed is 1-5 x 10 6 kVA. 

Curve C is the R.R.R.V./MVA characteristic of two trans¬ 
formers in parallel assuming the same power feed on the remote 
Mde. It will be seen that adding another transformer with this 
feed has the effect of increasing the MVA and at the same time 
of reducing the R.R.R.V. 

Curve D is the R.R.R.V./MVA characteristic of a long over¬ 
head line assuming that increasing fault current is fed through it 
or plant connected to it giving increased fault MVA. 

Curve E represents the same conditions, for two feeders in 
parallel. 

Curve Fis a similar curve for three feeders in parallel.^ 

Figs. 10 (b) to (J) show the corresponding curves for various 

voltages frpm 110 kV to 11 kV. 

As proposed previously (Section 6.1.4) the assumption is made 
that me reactor conditions are adjusted to be equivalent to the 
transformer conditions, so that the transformer Curve B can in 
each case be taken as representing the maximum R.R.R.V. due 
to any reactor. „ 

, tr ^f( 0n ?® r T ® urves rea Uy represent extreme conditions as 
lit , 10 lamtkVAfeed is assumed. In practice the R.R.R. V. 
will be lower than this, depending upon the reactance ofithe cir- 
cuit on the remote side. Also, any cabling or possible capaci¬ 
tance will further reduce the R.R.R.V. * ' 

It will be noted that the curves for the various voltages are 
drawn on the assumption that the power feed from the local . 
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oil-breakers, but with air-blast breakers it may have to be 
considered. 

Testing authorities usually have a very complete knowledge of 
those circuits which permit an equivalent circuit to be readily 
resolved into one of the recognized standard forms of Section 2.2. 
The testing requirements with air-blast circuit-breakers are 
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SYMMETRICAL MVA MADE 

Fig. 11 A.— Typical testing station rate-of-rise characteristics. 
Generator circuits. 


MVA RATING ( f ) 

Fig. 10.—Diagrams showing comparison of system severities and 
breaker characteristics of air-blast circuit-breakers. Curves B to 
F—Probable maximum system rates of rise in kV/^s. Curves 1,2, 
3, etc.—Proposed minimum characteristics of air-blast circuit- 
breakers for specific MVA rating. 

plant is limited, and that the balance of the fault current making 
up the total fault MVA at the location is brought in by overhead 
lines. If cables were substituted for these overhead lines, the 
rate of rise would be further reduced as the surge impedance of 
cables is^about 1/6 to 1/10 that of overhead lines. 

If these curves are considered in relation to the R.R.R.V./MVA 
characteristics of possible air-blast breakers jJCurves 1, 2, 3, 4 in 
Fig. 10), it will be seen that the switching duty at any location 
due to transformers on the one hand, and possible feeds from 
other stations via the overhead lines on the other, will have a 
somewhat similar shape, since in the average station the trans¬ 
formers can only contribute a percentage of the MVA giving 
severe rates of rise, whilst with the feeders connected the rates 
of rise are lower for the heavier MVA values. ' 

■m m ' % (6.2) Testing Stations \ ^ 

The important difference between the testing-station circuits 
and the conditions outlined above is the concentrated layout of 
.the various components. This enables restriking-voltage tran¬ 
sients to be obtained which are generally in excess of system 
valhes^yet, owing to difficulties in the physical layout 
lowerrestriki^ obtained at the lower 

currents. As already shown, this is not a serious matter with 
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Fig. , llB.—Typical testing station rate-of-rise characteristics. 

Transformer circuits. 
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SYMMETRICAL MVA MADE 

Fig. lie.— Typical testing station rate-of-rise characteristics. 
Generator-circuit frequency-damping factors. 



SYMMETRICAL MVA MADE 

Fig. 11 d^ Typical testing station rate-of-rise characteristics. 
Generator-circuit frequency component amplitudes. 

such that before planning a programme of short-circuit tests the 
inherent transient conditions likely to be experienced must be 
known, and provision made for an accurate prediction of- 
the short-circuit current and recovery voltage. The methods of 
calculation are given in more detail in Section 11 . 1 . The rates 
of rise of restriking voltage at the various test voltages are given 
for a typical testing station in Figs. 11a and 11b, and typical 
transients arising from these connections are reproduced in Fig. 2. 

(7) PROPOSALS FOR THE STANDARDIZATION OF AIR- 
BLAST CIRCUIT-BREAKERS 

.It is evident that an international review of standar diza tion of 
the air-blast breaker taking cognizance of the rate of rise is 
called for, and the following proposals are made with the object of 
establishing a basis for standardization and rating satisf yin g 
normal service requirements. Any method of rating adopted 
must ensure that the R.R.R.V./MVA characteristics of the 


breaker are adequate to meet the ’probable maximum service 
severities. 

Consideration of the system-severity curves of Fig. 10 indicates 
that, generally, the higher rates of rise associated with transformer 
or other inductive feeds exist over a limited range of fault^MVA* 
whereas rates of rise for MVA values above this rangeare con¬ 
trolled by the feeders, the effect of the feeders is not so pro¬ 
nounced at the lower voltages as shown in (e) and (/). 

(7.1) Rating 

The authors propose to rate the air-blast circuit-breaker in 
terms of breaking current or MVA broken at a rated voltage 
and at a rate of rise of restriking voltage. The latter factor 
would be stated as the maximum system severity that the breaker 
could deal with when breaking a fault MVA equal to its rating, 
and for breakers without resistors would imply that a definite 
R.R.R.V./MVA characteristic approximating to a rectangular 
hyperbola existed. 

The potentialities of this proposal are apparent from an in¬ 
spection of Fig. 10, where certain possible breaker charac¬ 
teristics are given for comparison with the transformer and feeder 
severity curves. Thus, if the 132-kV severity curves are con¬ 
sidered in relation to the 132-kV, 1 500-MVA R.R.R.V./MVA 
breaker characteristic ( 1 ), it is seen that, provided the fault 
magnitude contributed by the transformers is not greater than 
500 MVA, all possible system conditions can be met by this 
characteristic. Should a higher rating be required, e.g. 2 500 
MVA, this would be more than satisfied by the breaker 
characteristic ( 2 ), the requirements for which are entirely con¬ 
trolled by the feeder severity. 

Once it is established that the rating of air-blast breakers'ean 
only be given in association with the rate of rise of restrikihg 
voltage, the question arises as to what should be the standardized 
value. It is proposed to assign a rate of rise at the MVA rating 
greater, by a suitable margin, than the rate of rise of restriking- 
voltage severity produced by a long feeder when passing a fault 
MVA equal to the rated MVA of the breaker, this value being 
modified only where the fault magnitude is possible with a 
number of parallel feeders. For lower-voltage higher-rated 
breakers the assessment would be on the basis of three feeders, 
as the fault MVA can only be obtained by such means. 

The breaker characteristics in Fig. 10 were prepared on this 
basis, where the lowest rate of rise on each characteristic repre¬ 
sents the minimum possible R.R.R.V. that could be given to the 
rating to satisfy all service conditions. 

Where breakers employing resistors are being rated, it might 
be inferred that the resistance has been adjusted to d*tmp out 
any restriking-voltage transients above the R.R.R.V. that the 
breaker can deal with when not fitted with a resistor. A rate 
of rise should however still be stated as part of the rating, so 
that the adequacy of the resistor can be verified by testing with 
transients whose rates of rise are equal to, or of the same order 
as, those given to the rating. 

The authors have explored mathematically the site conditions 
at a number of locations for 132,110, 66 ,33, and 11-kV systems, 
and they consider that the minimum breaker characteristics in 
Fig. 10 (a-f) should meet average industrial needs. 

Although the proposed basis of rating is somewhat arbitrary, 
it is an endeavour to face the situation created-by the greater 
dependence of air-blast breakers on rate of rise, while retaining 
sound economic designs of switchgear. 

. . ( 7 , 2 ) Testing r - *■ 

; |Tfcb method of rating proposed, with its reliance for selection 
on a knowledge of the breaker R.R.R..V./MVA characteristic, 
makes it necessary to establish the validity of this characteristic. 
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All breakers should be tested at least over the current ranges 
la^d down in B.S. 116 to prove the satisfactory operation of the 
contacts, etc. Further type tests should be made to include 
interrupting transformer-magnetizing currents and capacitance 
currents, to ensure that the contact adjustments do not allow the 
breaker to produce voltage rises in excess of those that the system 
can safely withstand. 

During the tests covered by B.S. 116, the test voltages and test 
circuits should be adjusted to bring their R.R.R.V. charac¬ 
teristics at the higher test MVA’s to values just above those 
obtained from the R.R.R.V. characteristic appropriate to the 
MVA rating. For lower-voltage heavy-MVA breakers it is 
very probable that resistance switching must be adopted; hence 
the testing station should test with the full recovery voltage 
over as broad a current range as possible up to the rated current, 
in order to prove that the switching-in of the resistance is satis¬ 
factory and that it provides adequate damping. 

• For breakers whose breaking current rating is in excess of that 
at which the testing station could give full recovery voltage, i.e. 
breakers falling under B.S. 116, Part II, the breaker can be tested 
only in accordance with Part II with as high a recovery voltage 
and rate of rise as possible. There are, however, certain artifices 
possible under particular conditions which overcome this serious 
limitation and give better tests, but due to their dependence on 
design the details for such tests must be developed according to 
individual circumstances. For example, the design of h.v. 
breakers may be such that the breaking device is divided into 
several series-connected units, permitting a portion of the breaker 
to be tested at a reduced voltage appropriate to the modified 
arrangement, and thereby enabling the current range of the test 
to be extended. 

Circuit-breakers built up of several units are the 132, 110 and 
88 -kV types and probably certain ratings of 66 kV; proposals 
for testing these breakers are given in detail in Section 11.3. 

(7.3) Selection 

If the above scheme is adopted,' the selection of circuit- 
breakers will be relatively simple, especially for average substation 
conditions, which are typical of the majority of circuit-breaker 
locations. A breaker with a suitable rating can be selected in 
the usual way provided the fault MVA of the transformer feed 
is not in excess of that indicated by the breaker characteristic for 
the transformer rate-of-rise condition; on condition that the other 
feeds making up the total fault MVA at the location are through 
cables or overhead lines, the breaker can be installed without 
any fear of higher rates of rise arising. For example, if the 
132-kV* 1 500-MVA case in Fig. # 10(a) is reviewed, it will be seen 
that this breaker can deal with up to 500 MVA’fed through 
transformers. 

If the fault MVA fed through the transformers is in excess of 
that indicated by the breaker characteristic for the transformer 
rate o? rise, the rate of rise can be calculated taking account of 
the reactance of the feed on the remote side of the transformer, 
the transformer reactance and capacitance, and the capacitance 
of the interconnecting leads, from which the resultant rate of rise 
can be checked with the characteristic curve of the breaker. If 
the rate of rise for the fault MVA is still in excess of the breaker 
R.R.R.V./MVA characteristic, either capacitance can be added 
or ^breaker T>f higher rating and a suitable characteristic selected. 

(8) CONCLUSIONS '■/)-'[ x .y 

^The*conclusibns arrived at in the paper may be summarized 
.as follows:—• 

(1)* Plain-break oil circuit-breakers and oil circuit-breakers with 
arc-control contacts are relatively unaffected by the rate of rise 
of restriking voltage; hence the specification of its value for 


rating, testing, or selection is not essential, provided the circuit- 
breakers are tested at testing stations in accordance with B.S. 116 
under the severity conditions of the Association of Switchgear 
Testing Authorities. Such tests ensure that these types of 
circuit-breakers are suitable for any conditions of service. 

(2) The characteristics of air-blast circuit-breakers make it 
essential to take account of the rate of rise of restriking voltage 
when rating, testing, and selecting, and in consequence they 
must be rated in terms of MVA (or breaking current) at a rated 
voltage and at a rate of rise of restriking voltage. 

(3) The authors propose methods for specifying minimum 
rates-of-rise of restriking voltage for each MVA rating and " 
voltage. The adoption of these proposals enables an economic 
range of switchgear to be designed that will meet all average 
conditions of severity in service, and permit economic selection 
of circuit-breakers to be made. 

(4) A simple method of checking the suitability of any breaker 
rated as above for normal conditions of service is given, together 
with data for checking the suitability of any breaker for more 
unusual conditions of service. This method of selection involves 
calculating the fault MVA in the usual manner and checking 
that the proportion of the fault MVA contributed locally by 
generators, transformers, and the like, is not in excess of an 
amount appropriate to the rating of the circuit-breaker. 

(5) Circuit-breakers rated in the manner advocated, i.e. for 
average service conditions, can also be selected for more severe, 
but less normal, conditions by adopting the methods described 
for reducing circuit severity in service. 

( 6 ) Proposals are made for testing air-blast circuit-breakers, 
including synthetic tests for certain types of h.v. circuit-breakers 
whose MVA ratings are in excess of testing station outputs. 
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(11 .1) Short-Circuit Testing-Station Severities ** 

Testing stations are planned to enable the widest possible 
range of equipment to be tested. The power instailat^ 
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prises generators, transformers, reactors, and resistors. In one 
typical testing station, the motor generators have a total output 
of 2 000 MVA based on the symmetrical fault current in the 
first half-cycle of short-circuit and the rated voltage. When used 
with the transformer banks the maximum output is reduced to 

I 000 MVA on the same basis. 

The rates of rise on 3-phase tests are assessed on the basis of 
the first phase to clear. Where single-phaSe tests are carried 
out on single-pole units of 3-phase breakers the recovery voltage 
(and hence the rate of rise) is adjusted to be equal to that of 
the first phase to clear for 3-phase tests. 

(11.1.1) Generator Circuits. 

The generator circuits can be connected for 6• 35, 11,12* 7 and 
22 kV and when used with reactors can be resolved into the 
phase inductances and capacitances shown in Fig. 1(a) for the 
first phase to clear. In Fig. 1(a), L u is the generator inductance, 
C M the generator capacitance between generators and reactors, 
L x the control inductance, and C x the capacitance of the con¬ 
nections. In practice L x can vary up to about 200 L M and C x 
from about 1/20 to 1/10 C M , depending on reactance and the 
circuit-breaker under test. 

For the machine in question L M is about 0*00038 henry at 

II kV on dead short-circuit, and the effective capacitance of each 
machine phase to ground is 0 • 05 /xF. 

Analysis indicates that a circuit as shown in Fig. 1(a) produces 
two natural frequencies; for purposes of calculation this circuit 
can be simplified to Fig. 1(b), which in its turn can be resolved 
into the circuit of Fig. 7(c). The natural frequencies^, //, pro¬ 
duced by such a circuit, together with the percentage voltage 
associated with each frequency component are given for the 
general case in Fig. 7(1) where L x is equal to or greater than 
L m> and for thq special case in Fig. 7(2) where L x is less than 
L m . The equations for the latter are used for a dead short- 
circuit on the machine, where L x = 0. 

- The frequencies are obtained either from short-circuit tests pi 
with the B.T.H. restriking-voltage indicator. With the double 
frequencies, the percentage voltage associated with each fre¬ 
quency component is proportional to the inductance associated 
with the respective frequencies in relation to the total inductance. 
* The percentage voltages for the frequencies and the damping 
factors are given in Fig. 11c and d for two typical generator 
connections. 

^ The resultant rates of rise determined on the generator con¬ 
nections at various fault MVA values, based on 100% recovery 
voltage, are given in Fig. 1 1 a. The tangent taken for estimating 
the rate of rise is that to the first peak exceeding 80% of the 
recovery voltage peak on the first phase to cle^r. 

(11.1.2) Tests Using Transformers. 

For higher test voltages the generators are coupled to banks of 
single-phase transformers giving single-phase or 3-phase circuits 
for voltages of 33, 66, 76, 114, 132 and 152 kV. The reactance 
of each transformer referred to the primary is 0 • 33 ohm at 11 kV 
and the effective secondary capacitance is 0*0038 /xF. 

In practice the transient in most cases is of the single-frequency 
type: The natural frequency is determined by the resultant of 
the transformer and machine-circuit inductances referred to the 
transformer secondary, which oscillates with the capacitance of 
the latter.* 

A typical connection for a. 3-phase test using the transformer 
bank is given in Fig. "7(a), where L M is the generator reactance, 
L x the added inductance, X 3 the inductance per transformer re- 
^ ferred to the primary winding, and C the effective secondary 
~ capacitance of a single transformer. Circuit 1(e) can be resolved 

* For a more exact analysis see Reference No. (6). 


into 1(f) which simplifies into 1(g). The calculations necessary 
for determining (/) are given in Fig. 7(3). 

Fig. 1(h) represents a connection with two transformers, in 
parallel per phase, resolving into circuit Fig. l(i) for whictfi the 
effective inductance and capacitance used in the frequency cal¬ 
culation are given in Fig. 7(4). The circuits for other connections 
can be resolved into similar types, and the necessary calculations 
are easily made. 

The resultant rates of rise for the various fault values and- 
voltage connections are given in Fig. 11b. 

(11.2) Calculations of Circuit Severity for Service Conditions 
The rate-of-rise severity for any circuit-breaker location in 
service can be obtained by application of the following principles 
and formulae. The calculations give the rate of rise in V//xs 
(R.R.R.V.) on the first phase to clear in accordance with the 
other data. The results must of necessity be approximate, being 
dependent upon the accuracy of the data used, but in general 
the true values will be rather lower and the results will hence be 
on the safe side. * 

Fig. 12 represents a typical substation on which two types of 
fault are shown. 
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Fig. 12.—-Typical substation layout. 


(11.2.1) Locations Where the Rate of Rise is Controlled by Long 
Lines. 

For this condition a long line consisting of 8 or more miles of 
overhead lines or 4 miles of cable is used, the fault being taken 
as fault A in Fig. 12. The fault current may be fed through the 
lines or from a locarl supply with the lines merely floating. 

R.R.R.V. for single long line in V/jixs — 1 •5z(~ > ) X 10~ 6 

\at/ i^q 

where 1 * 5 is the factor for the first phase to clear, 

Z is the surge impedance per phase of the line as obtained 
from Z — ^/(L/C ), where Lis inductance perunillength 
and C is the capacitance per unit length, and 

is the slope of the fault current as it passes through 

dtJi* o 

a normal zero expressed in amp/s, obtained^from 

(^) = 2tt 50 x V 2 x Irms* Inns being the fault 

\atJ o 

current. 7 . 

Where more than one line or cable feed is connected to the 
fault, Z can be obtained from Z = (1 /nX^L/C), where n is the 
number of lines or cables connected to the busbar or feed in 
question. * ** 

(11.2.2) Locations where the Rate of Rise is Controlled by a Trans¬ 
former. . * 

As pointed out in Section 11.1, the reactance tp be takeh fn 
any calculations involving transformers must usually include the 
reactance at the remote side, and the capacitance must be taken 
as that of the transformer winding adjacent to the breaker. 
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Two methods can be employed; the method given in Section 
11.1 is applicable where large transformers pass a considerable 
proportion of the total available MVA, while the following 
method may be used where the MVA passed under short-circuit is 
restricted to a small proportion of the total MVA available. 
This condition is represented in Fig. 12 by fault B, the two 
components of restriking-voltage transient being: (1) that due to 
the overhead line which, in many cases, can be neglected, and 
(2) that due to the transformer itself. 

The transient frequency of the transformer is obtained from 
the 50-c/s value of the leakage inductance and the lumped capa¬ 
citance of the winding and connections adjacent to the circuit- 
breaker. Fig. 9 gives typical values of the total distributed 
capacitance for various sizes of transformers, and on the assump¬ 
tion that the transformer neutral is earthed the lumped capaci¬ 
tance value can be taken as about 0* 5 of the values given. 

The rate of rise of recovery voltage for the transformer taken 
byitselfis 

4-55 x KxE 1 xf V/jus, 

® 

where 4* 55 is the geometric conversion constant, 

K is the oscillation decrement (normally 0 • 9 to 0 * 95), 

E 1 is the 50-c/s peak recovery voltage (in kV) associated 
with the transformer: 

E 1 = 1 • 5L(difdt) i=sQ X 10- 3 

where L is the transformer leakage inductance per 
phase in henrys and (difdt) i=Q is the slope of the fault 
current as given in Section 11.2.1. 

<r» /is the natural frequency of the oscillation in kc/s: 


SELECTION OF CIRCUIT-BREAKERS 

comparable with that of the remainder of the system at the 
station. 

R.R.R.V. of reactor = 4-55 x K x ~^1—E x f V/ijls 

X\ + X 2 

where X x is the reactance of the reactor, 

X 2 is the reactance of the remainder of the system, 

E is given by E = 1 *5 x 1 -414 x rated voltage/V3, 

/is-the frequency of oscillation of the reactor in kc/s 

as given by /= Jj 1 x 10“ 3 , where L is the 

inductance in henrys of the reactor and C is the 
effective capacitance in farads per phase on the 
reactor side of the breaker including that .of the 
reactor. 

The remainder of the restriking voltage can # be obtained by 
calculations based on the constants of the circuit contributing to 
this rate-of-rise component. 

Reactors often have high rates of rise, which it is desirable to 
reduce to a value approximating to that of a transformer passing 
the same fault MVA by either (a) adding capacitance in the form 
of capacitors or cables, or (b) connecting a resistor across the 
reactor. 

The curves B of Fig. 10 fix the maximum desired R.R.R.V. 
for the particular fault MVA concerned. These allow the 
minimum capacitance required for method (a) to be determined 
as follows:— 

10- 4 (MVA)JT 

^ 12ttV2U 2 



where C is the effective lumped capacitance in farads 
per phase of the transformer winding and con¬ 
nections adjacent to the breaker. 


The full rate of rise is the summation of the rates due to the 
transformer and the feeder, but with most step-down trans¬ 
formers the latter can be neglected. 

With a long cable feed to the transformer where the impedance 
is a considerable proportion of the transformer impedance, the 
rate of rise due to the cable can be calculated as in Section 11.2.1, 
and the component of voltage due to the transformer calculated 
as. above and added. * 

(11.2.3) Locations where the Rate of Rise is Controlled by the 
Characteristics of Generator-Transformer Sets. 

The calculations for these are as shown in Section 11.1.2 and 
Fig. %(e 9 f g, etc.), with L x omitted. 


(11.2.4) Locations where the Rate of Rise is Controlled by the 
Generator Connections. 

The calculations for these are as shown in Section 11.1.1 and 
Fig. 7(Z>), etc. This is the more severe case, because normally 
one generator only is earthed in a power station, the remainder 
operating wjjfh insulated neutral. 

(11.2.5) Locations where the Rate of Rise is Controlled hy a Reactor. 
Thejrecovery-voltage transient when reactors are used normally 

consists of two components, a high-frequency component due to 
the reactor an® a lower frequency or non-oscillatory component 
due to the remainder of the system. Reactors with high values 
are rarely used in British practice, their reactance being normally 


where C is the desired minimum lumped capacitance in ^F, 
U is the desired (maximum) R.R.R.V. in V//zs, K' is 4* 55 2 x 0 • 95 2 
x V 2 x 1-5 2 x 2, and MVA is the short-circuit rating of the 
reactor. 

For method (b) where shunting resistances are used, the 
desired resistance value can be deduced from the critical damping 
equation: R c — \y(L/C ) ohm, where L is the inductance of the 
reactor, and C is its self-capacitance; this establishes that the 
shunt resistance value would be about 250 times /he 50-c/s* 
reactance of the reactor. 


(11.3) Testing of Air-Blast Circuit-Breakers 
The testing of air-blast circuit-breakers with ratings in excess 
of testing-station outputs is more involved than the testing of oil- 
breakers in accordance with B.S. 116, Part II. Research tests 
carried out on a 4-break model air-blast construction capable of 
being tested at voltages up to 132-kV, have proved the suita¬ 
bility of series-connected breaker units for high voltages and 
have helped to establish a proving technique for such arrange¬ 
ments. 

The general laws governing performance for a given voltage 
per break are: (1) the product of current and R.R.R.V, (or 
MVA x R.R.R.V.) is approximately constant over a limited; 
range for a given design and generally conforms to a hyperbolic 
R.R.R.V./MVA characteristic as shown in Fig. 6, and (2) the 
product of current and "R.R.R.V. increases in proportion to 
nozzle pressure and diameter within certain limits. - 
Ctog^ per break may entail altering the geo¬ 

metric relationship of nozzles and contacts, and possibly the air 
pressure, and this will cause a change in the performance limit 
of chtrent and rate pf rise. 

The following argument advances a method for proving the; 
I^rfohmapce of multi-break breakers from certain tests, by* 
applying factors obtained from tests carried out on models. 
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(11.3.1) Analysis of Research Type Tests. 

A series of type tests on the above 4-break model were made 
with a fixed nozzle and electrode arrangement using constant air 
pressure which gave certain limiting performances on 1, 2, and 
4 breaks. The recovery voltages per break were kept constant, 
and the limit of satisfactory performance was based on the 
maximum current and rate of rise at which the duration o 
the arc and the observed stresses began to increase or become 

The recovery voltages and rates of rise across the breaks were 
recorded, and the recovery voltage across the break with the 
highest percentage recovery voltage was measured. The test 
values for these limiting conditions are given in Table 1, the 
nozzles being adjusted for 33 kV per break. 

Table 1 


Recovery 

voltage 

V 

* 

Breaking 

current 

/ 

Circuit 

natural 

frequency 

/ 

R.R.R.V. 

U 

% voltage 
across 
most 
stressed 
break 

X 

kV 

kA 

kc/s 

V/M-S 

100 

27*3 

10-9 

6-4 

900 

28 

6-6 

9*4 

1500 

100 

57-8 

5-5 

7 

2 400 

55 

106 

4*6 

7-8 

4 400 

32 


99 

98 mean 
97 
132 
203 


In the following analysis:— , 

/ = maximum breaking current (kA). 

U — associated R.R.R.V. 

normal recovery voltage per break. 
n = number of breaks. ' . r 

p = pressure at the orifice, kept constant during the series of 

tests 

According to law (1) above, the limiting performance of a 
single break can be expressed as: = h U t at V. 

Similarly, the performance of the double-break assembly can 
•be expressed as: P 2 = I 2 U 2 at IV, and the performance of a 
4-break assembly as: P 4 = / 4 U^aX4V. 

Analysis Of the conditions existing at. the break with the 
highest proportion of the recovery-voltage across it gives the 
performance per break for 2 and 4 breaks as: 

2-Break: ,P 2 = I 2 U 2 X x 2 J\00, where x 2 is the percentage of 
the recovery voltage (and R.R.R.V.) across the highest-stressed 
break. 

4-Break: t P 4 = / 4 C/ 4 X x 4 /100, where x 4 is the percentage 
recovery voltage (and R.R.R.V.) across the highest stressed break. 

The ratios of performance for the 2-break and 4-break models 
with respect to the performance per single break taken by itself 
are:— : • j ^ 

Performance ratio for 2-break = 2 jqq^M ^ 


Performance ratio for 4-break = 


I4U4X4 

: ~Ioo~ 


The application of this analysis to the tests is embodied in 
' Table 1. 


The tests prove tnat, ior piugiwuvw ;-« ° 

voltages can be handled provided the resultant performance for a 
single break nozzle arrangement at a given onfice pressure.is 
modified to allow for the voltage distribution in the breaker and 
account is taken of the performance ratios for the numuer of 

hrfi3.ks n • 

These performance ratios for other designs or proportions 
must be obtained by type tests on accurately proportioned 

m COTsequent on law (2), some allowance can be made for 
pressure variation provided the pressure-performance relation¬ 
ship is proved, and the functioning of the breaker in respect of 
the operation of the contact, the dielectric conditions, and the 
current chopping, is not affected. 

(11 3 2) Proposed Method of assessing Performance Tests on Breaker. 

If the breaker has the same general proportions as the model 
used in the initial type tests, the factors obtained from the above 
analysis can be applied to suitable tests on the full-size breaker 
as follows :— 

Test Series 1: Test the breaker at full recovery voltage at pro¬ 
gressive values of current up to the maximum that can be ob¬ 
tained at the testing station when giving this voltage; and record 
with the cathode-ray oscillograph the highest percentage voltage 
and R R R.V. across any break of the circuit-breaker. . 

Test Series 2: Test a single break with exactly the same air-flow 
conditions, and apply progressive increments of current until the 
full rated current is reached, the recovery voltage bemg not less 
than x% of the maximum, where x is the percentage recovery 
voltage associated with the highest stressed break. 

During these tests, the R.R.R.V. as well as the current broken 
should be recorded. Where possible, the limiting performance 
of the single-break should be obtained with this recovery-voltage 
value so that the margins of performance over that obtained at 
the rated current can be determined. 

The estimated performance of the breaker when tested at its 
rated current can be obtained from:— 

100 

Performance (P„) = I r U x X — x performance ratio 

where I r is the rated current, and U x the rate of rise across the 
single-break with rated current flowing. (For the breaker con¬ 
struction investigated by the authors the performance ratio was 
. 0- 74 for 2-break and 0-67 for 4-break.) 

The maximum R.R.R.V. that can be handled at the rated 
current from the above assessment would be given by. 

U n — ~jr V/ftS 

l r , 

From these values of U„ and l r the breaker characteristic can 

be drawn. • ■ . 

Where the breaker ratings are such that the above cannot be 
complied with, an approach to the problem can be made by 
reducing the nozzle diameter to the maximum size susceptible 
of complete test, maintaining the design otherwise as intended. 
The maximum performance so obtained can be corrected in 
accordance with law (2) for the normal nozzle diameter and for 
air-pressure variations, and the performance so deduced can then 
be correlated with the breaker characteristic. ^ 


{The discussion on this paper will be found on page 495.] 
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SUMMARY 

This paper reviews various problems which are met in designing high- 
voltage air-blast circuit-breakers, and the way in which the application 
of resistance switching confers another degree of freedom upon the 
designer in meeting the many conflicting requirements. 

It is first of all shown that a circuit-breaker must not only break its 
rated breaking current but must also limit the value of surge voltage 
whi«h it causes while it is opening the circuit. This can be brought 
about by limiting the electric strength of the breaker contact gaps. 

An experimental method of determining the electric strength of the 
nozzles under air-flow conditions is then explained, followed by dis¬ 
cussion of the means by which resistance .switching enables the designer 
to control the breaking capacity and the electric strength of the nozzles 
independently. 

A 132-kV breaker designed in conformity with the conclusions 
reached is described, and the results of a full-scale test set-up are given. 

The paper then gives an analysis of the validity of “unit testing” 
applied to multi-break breakers with resistance switching, as compared 
with the present two-part testing applied to oil circuit-breakers in * 
accordance with B.S. 116, Part 2. 

In conclusion, proposals are made for a series of type-test duties to 
be applied to air-blast circuit-breakers, in order to prove compliance 
With their breaking-capacity ratings. 


t (1) INTRODUCTION 

The application of resistance switching to high-breaking- 
capacity (h.b.c.) air-blast circuit-breakers for service up to 33 kV 
is now generally understood, and experience on short-circuit test 
plants has confirmed the advantages of incorporating switching 
resistors in all such circuit-breakers which have to deal with high- 
frequency restriking-voltage transients. 

In the development of h.b.c. air-blast circuit-breakers for the 
highest voltages-it is not possible to obtain comparative data on 
full-scale tests, owing to the limited output of present-day test 
plants. It is therefore of paramount importance that a high- 
voltage h.b.c. circuit-breaker should be designed on principles 
determined by full-scale tests on the lower ratings and should 
meet all requirements shown by theoretical analysis to be neces¬ 
sary, even though they cannot be proved to be necessary by full- 
scale tests. 

A good air-blast circuit-breaker should:— 

(a) Interrupt its rated breaking-current at rated recovery- 
voltage with an economical consumption of air. 

(b) Interrupt any current within its rating, whatever the re¬ 
striking-voltage severity of the circuit to which it is connected. 

(c) Limit the voltage of switching surges at arc interruption to 
safe values, irrespective of the type of circuit to which it is 
ionnected. y ; 

It i^clear that an arrangement which will gender the breaker 
Dperation practically independent of the natural frequencies of 
;he circuits to which it is connected will constitute a great 
idvance. V r- ■ ^ .' 4 '. 

‘This paper is intended to show how all these requirements can 
?e met by high-toltage air-blast circuit-breakers which incor- 
>orate resistance switching. 


( 2 ) RESTRIKING-VOLTAGE TRANSIENTS 
When oil circuit-breakers or air-blast circuit-breakers interrupt 
heavy short-circuit currents at high voltage, interruption occurs 
at or near a current zero, and the circuit voltage appears across 
the break in a manner chiefly dependent upon the inductance, 
capacitance and resistance of the circuit, and upon how these 
constants are distributed. The transient-in-time by which this 
voltage appears is known as the restriking-voltage transient. 

The most severe transients on high-voltage circuits are ex¬ 
perienced when breakers adjacent to reactors or on the high- 
voltage side of step-up transformers clear faults in close proxi¬ 
mity to themselves. Here the inductance and capacitance of the 
circuit can be taken as lumped, the former in the transformer and 
the latter in the transformer and connections. Provided the 
series resistance is small and the resistance shunting the breaker 
approximates to infinity, such a circuit will give a restriking- 
voltage transient oscillating with a single frequency 

z=_ 1 

J 2nyi(LC) 

where /= natural frequency, in cycles per sec. 

L ~ circuit inductance, in henrys. 

C = circuit capacitance, in farads. 

Where the inductance and capacitance are shunted , by a re¬ 
sistance of value other than infinity, 


♦ British Thomsbn-Houston Co., Ltd. 


p th where /> L a nd C have the same meaning as before and R is the 
r me shunt resistance in ohms. 

a on From thi g f ormu i a ft w iH be seen that if R is less than | A /(I/C) 

.the expression under the root sign becomes negative, which 
" means that the oscillating nature of the transient vanishes and it 
lpl f! becomes an exponential transient. Fig. 1 illustrates the three 
ouid types of transient. 

e n" Tk e performance of properly constructed oil circuit-breakers 
u is not greatly influenced by the shape of oscillatory restriking- 
voltage transients met with in practice, but it is found that the 
performance of air-blast circuit-breakers which do not incur- 
. porate resistance switching is very seriously affected, and great 
economy in air consumption can be brought about by reducing 
" the frequency of the transient or making it exponential. 

" e ‘ It will be seen that the natural frequency of the transient will 
? r be reduced by:^- 

it is : . ■■■:'/■ * • 

(a) Increasingly, 
aker 0) Increasing C. 

s of (c) Reducing the value of R shunting L and C. 

jreat follows that for a given MVA short-circuit rating 

of a circuit, the higher the drcuit voltage the lower becomes the 
can natural foequenqy of the transient, because not only does the 

cor- reactance increase as the square of the circuit voltage, but the 

capacitance also increases, owing to the greater physical size of 
'V the apparatus. Conversely, in order to obtain the same natural 
::;yrr- ■. - : 
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(3) TYPES OF SWITCHING OVER-VOLTAGES MET WITH 
IN PRACTICE 

Over-voltages generated when opening a circuit can be brSught 
about by many causes, the three most important of vvhich are 
as follows:— 

(a) Whenever an inductive circuit is finally broken substan¬ 
tially at the zero of current, the voltage’is re-established across 
the break by the usual restriking-voltage transient, which theoreti¬ 
cally rises to double the peak value of the 50-c/s recovery voltage, 
but usually does not exceed 1-7 times the peak value (V p ) of the 
50-c/s recovery voltage [Fig. 1 (a)]. 

(b) Very high voltages can be generated when opening capa¬ 
citance currents such as line charging-currents. * 



Fig. 1.—Restriking-voltage transients. 

(а) R approximates to infinity. Damping is due to energy losses in L and C. 

(б) R is less than infinity but greater than i vWO- Neglecting energy losses in L 

and C. . _ . _ 

(c) R less than £ VC LfC). Neglecting energy losses in L and C. 

frequency the MYA rating of a high-voltage circuit must be con¬ 
siderably greater than that of a low-voltage circuit. 

When the voltage and MVA of a circuit are fixed, the transient 
can be influenced only by increasing C or reducing R. To increase 
C is uneconomical, but a reduction in R can be brought about 
by shunting the breaker with a resistance during the switching 
period. This is known as resistance switching. 

In resistance switching the breaker is provided with two breaks, 
one of which is shunted by a resistor (see Fig. 8). The arc in 
the shunted break is extinguished first and the resistor then 
shunts L and C until the arc carrying the resistor current in the 
second break is extinguished. By this time the restriking- 
voltage* transient has decayed to a negligible value. 

When the value of R is made low enough, the restriking tran- 


(c) Another class of high-voltage transient is that due to pre¬ 
zero current suppression in inductive circuits, known as “current 
chopping” (see Fig. 2). 



sient becomes practically independent of the natural frequency 
of the circuit on which the breaker is used, and is so reduced in 
peak value and rate of rise that the size of nozzle forming the 
shunted break can, for a given breaking capacity, be greatly 
reduced. 

The economies to be attained in nozzle size and air consump¬ 
tion by using resistance switching on h.b.c. air-blast breakers up 
to 33 kV when used on circuits having high-frequency restriking- 
voltage transients, are now thoroughly substantiated by full-scale 
breaking-capacity tests. 

Owing to the reduction in natural frequency of a circuit of a 
given MVA short-circuit rating, the value at which resistance 
switching becomes advisable on circuits of 132 kV and above, if 
considered entirely from an air-economy standpoint, is above the 
full-scale testing capacity of any existing test plants. This 
means that the need for switching resistance is masked, as all 
breaking-capacity tests at the full rating are taken at a reduced 
voltage. 

Before adopting the “brute force” method of merely supply¬ 
ing sufficient air to do the job, the value of resistance switch¬ 
ing, as conferring another , degree of freedom on ; the designer 
in controlling switching over-voltages, must be considered. 


The first type of over-voltage is normal when opening in¬ 
ductive circuits, and must be withstood by the breaker gaps and 
all parallel insulation paths. • 

In practice it may often happen that the two other types of 
over-voltage can rise to very high prospective values and, unless 
they are limited by some means, will cause external flashover 
across the breaker insulation or flashover to earth elsewhere on 
the system. The usual method of limitation is by restrike of the 
breaker contact gaps. 

Current-chopping over-voltages are the easiest to reproduce on 
test plants, and as a breaker which is designed to deal adequately 
with and control this type of over-voltage will also deal with any 
other type of over-voltage, a complete analysis of this case will 
now be made. 

(4) ANALYSIS OF OVER-VOLTAGES CAUSED BY CURRENT 
CHOPPING IN INDUCTIVE CIRCUITS * 

[ As the 50-c/s current being interrupted ^pproaches > zero, a. 
value is reached at which de-ionization of the arc in the contact 

, . J - 1 " t ••• ;• . . , ' 

* Hunt, L. F., Boehne, E. W,, and Peterson,H. A.: Transactions of the American 
1943, 62, p. 98. J ^ 
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gap is so rapid that the current is forcibly suppressed before the 
natural zero point. If the total reactance of the circuit is such 
that the current to be interrupted is of the order of 150 A(r.m.s.) 
or above, this forcible suppression occurs when the current has 
nearly reached its normal zero. 

The instantaneous value of current chopped is theri very small, 
and the voltage induced in the circuit inductance appears as a 
small loop in the same direction as the arc voltage, as shown at 
“A” in Fig. 1(a). 

With higher values of circuit reactance giving lower values of 
50-c/s current, the total amount of ionization of the contact gap 
is less, and suppression of the current occurs earlier in the half- 
cycle and thus at a higher instantaneous value, thereby inducing 
* a higher voltage in the increased circuit inductance. 

With a correctly designed breaker this voltage is prevented 
from rising to a dangerous value by breaking down the contact 
gap and re-establishing.the normal arc. The arc current which 
flows is . again forcibly suppressed and the process is repeated 
until the current almost reaches its normal zero, as shown in 
Fig. 2. . 

Fig. 3 shows a cathode-ray oscillogram of a case where multiple 
current chopping takes place during a full half-cycle of current. 
An extreme case is that of breaking the magnetizing current of a 
transformer. 

When current is chopped in a circuit comprising inductance 
and capacitance in parallel, in a time short compared with the 
natural period of the circuit, the voltage generated becomes inde¬ 
pendent of the rate of chopping and varies directly as the current 
chopped. The voltage is 



where V = voltage generated (peak), in volts. 

i = instantaneous value of current chopped, in amperes. 
L — circuit inductance, in henrys. 

C = circuit shunt capacitance, in farads. 

~ = surge impedance, in ohms. 

Over the range where these voltages become dangerous this 
condition of rapid current suppression is met and the prospective 
value of V amounts to several times the insulation level of 
standard apparatus. 

The suppression of current not only causes voltage to earth 
but also induces local voltages in individual pieces of inductive 
apparatus. 

As already stated, the usual limitation to the voltages is im¬ 
posed bj restriking of the contact gap or failure of external 
insulation (see Fig. 2). 

Surge divertors as usually connected for lightning protection 
cannot be considered as a protection against all manifestations 
of swit^iing over-voltages. 

/ It therefore becomes an essential part of circuit-breaker design 
to ensure that under all circumstances the electric strength of the 
contact gap or nozzle is kept as low as possible consistent with 
withstanding the maximum normal restriking transient when 
clearance finally occurs at a normal zero. 

(5) BgQUIRElVIENTS OF INTERRUPTING NOZZLES FOR 
USE IN AIR-BLAST aRCUIT-BREAKERS 

A correctly designed nozzle or series of nozzles must meet the 
.following basidreq^ J/'; 

(a) ’Must bre^ the rated breaking-current at rated voltage 
when operating oh circuits of any restriking-voltage severity 
which may occur in service and when supplied with air at the 
minimum safe operating pressure. 
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( b ) Must not permit excessive switching over-voltages when 
breaking any current within its rating on any type of circuit and 
when supplied with air at the maximum allowable air pressure. 

In determining the best form of nozzle to meet these require¬ 
ments many arrangements have been investigated for both inter¬ 
rupting ability and electric strength. The performance of most 
forms was marred by periodical inconsistency of arcing time 
when interrupting heavy currents. This inconsistency is not only 
undesirable from the point of view of* the finished breaker, but 
also makes it very difficult to obtain consistent design data with 
a reasonable number of heavy-capacity short-circuit tests. 

Efforts were therefore first directed to developing the form of 
nozzle which gave the most consistent arcing times when breaking 
short-circuit currents up to its failure point. 

(5.1) Consistency of Arcing Time and Electric Strength i 

Consistent and short arcing times are best achieved by ensuring 
that not only is the arc initially drawn in a region of high air 
velocity, but that all restrikes take place in such a region. This 
requirement is unfailingly met in the radial-flow double-blast type 
of nozzle shown in Fig. 4 on which much investigational work has 
been carried out in Great Britain by the British Electrical and 
Allied Industries Research Association. 

In this type of nozzle the air flows radially inwards, and its 
velocity is thus increased considerably owing to the reduction in 
area of the path. This increase of velocity is accompanied by a 
reduction in pressure (Bemouilli’s law), and this in turn results in 
a reduction of the electric strength (Paschen’s law). Provided a 
correct ratio is chosen for IJd (see Fig. 4), the minimum electric 
strength can be made to occur at the orifices. Thus the region 
around the orifices of each electrode is filled with air of reduced 
electric strength travelling at high speed into the orifices. With 
this form of nozzle, not only is the arc initiated next to the orifices 
(by virtue of the camber on the contact surfaces) but each restrike 
takes place immediately from the peripheries of the orifices (by 
virtue of the reduced electric strength). 

(5.2) Experimental Investigation of Electric Strength and Arc- 
Centring Properties of Radial-Blast Nozzles 

The electric strength and behaviour of this form of nozzle has 
been studied by the authors by means of timed impul&s from 
an impulse generator, and a pin-hole camera photographing the 
resultant spark-over. 

Restriking of the arc in a circuit-breaker gap can 
occur by one of two methods:— 

(a) By V 2 IR loss in the resistance of the residual arc column 
(post-arc conductivity). 

(b) By arc-over of the completely de-ionized gap by the 
restriking-voltage transient. 

Method (a) can be investigated only on a full-scale test plant 
capable of giving the full rated MVA breaking capacity. 

Method (b) y however, can be investigated with the aid of an 
impulse generator only. Experiment gives ample evidence to 
show that, provided the gap passes sufficient air to prevent re- 
strike by method (a), the air will have swept all residual ionization 
from ; 'tA0-'ga|p-.by the time the maximum peak voltage of the re- 
striking transient is reached, so that the gap will be in exactly the 
same condition as it would have been if no arcing had taken place. 

'that the* electric strength found by applying a 
voltage un der ^ conditions but without any prevm 

will be the same as under actual working conditions of breaking 
• • ratted, cmrto-/ 

It is, of course, not convenient to leave air on the nozzles 
sufficiently long for a steady 50-c/s breakdown voltage to be 
established, in view of the large quantity of air which would be- 

:: ... ' 32 






Fig. 3. Cathode-ray oscillogram, showing multiple current-chopping. Record obtained on an 11-kV air-blast breaker when interrupting 

10-2 A at 12 kV recovery voltage (single-phase). 


used. This can be overcome by applying impulse voltages. In 
practice this is brought about by connecting an impulse generator 
to the gap under test and triggering-off the impulse generator by 
a pulse of air taken from the breaker blast-head and passing it 
through a length of pipe. By this means the correct delay is 



Fig. 4.— -Radial-flow double-blast nozzles. 


given to ensure that the impulse voltage is applied at exactly the 
same time as the gap reaches its full-open position and air flow 
is established. Fig. 5 shows diagrammatically an arrangement 
of a test set-up to obtain the full-wave flashover voltage. The 
operation is as follows:— 

The impulse generator A is charged from the 50-c/s supply 
through a rectifier, and a trip impulse is then applied to the air- 
blast breaker which admits air to the blast head B. Part of 
the air travels along the delay pipe and closes the air-operated 
sphere gap on the impulse generator, thus initiating the voltage 
impulse. By correctly proportioning the length and the volume 
of the delay pipe, the impulse-voltage transient can be made to 
appear on the head B just when the contacts are fully open and 
air flow has been established. The 50-c/s charging voltage cor¬ 
responding to any 'required impulse voltage is obtained by cali¬ 
brating against the sphere gap prior to the tests. During cali¬ 
bration the complete set-up is connected, and calibration is taken 
by the 50 % flashover method at voltages not more than 10 V 
below the required voltage. • 0 


(5.3) Results of Electric-Strength Tests 

Tests very quickly showed inconsistency in breakdown value 
between successive tests, although the greatest care was taken to 
ensure the same conditions of air pressure, timing, etc. This 
feature has also been observed by workers investigating the 



Fig. 5.—Diagrammatic arrangement of test circuit for measuring the 
electric strength of nozzles under air-flow conditions* 


breakdown of air at high pressures under static conditions.* 
Fig. 6 shows a chart of 51 consecutive tests. 

Alternate tests were taken at what was considered to be the 
maximum “withstand” voltage and the minimum “consistent 
breakdown voltage. The maximum “withstand” voltage is 
the maximum voltage to give no breakdown on at least 10 con¬ 
secutive full-wave tests at that voltage, and the minirnum^con- 
sistent breakdown” voltage is the minimum voltage to give 
breakdown on at least 10 consecutive full-wave tests at that 
voltage. The spread between these two voltages must be taken* 
mto account when designing nozzles for any given duty. # * 
The same experimental method can be used to find the maxi¬ 
mum break distance which can be associated with any nozzle 

* Howell A. H.: Transactions of the American T.E.E., 1939, 58, p. 193. 
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Fig. 6.—Chart showing breakdown strength of radial-flow double- 
blast nozzles. 

x Breakdown. • No breakdown. 

diameter and yet ensure that restrikes always occur from the 
internal jferiphery of the orifice. For this purpose a pin-hole 
camera is placed opposite the orifices and photographs are taken 
of each sparkover. 

Fig. 1(a) shows the nozzles as viewed by the pin-hole camera, 
and Fig. 1(b) is a reproduction of an actual photograph. The 
outline of the orifices is clearly visible, although the exposure 
was not of sufficient duration to show the outline of the nozzles 
themselves. The arc roots and the reflections of the arcs across 
the contact surfaces are clearly visible. 

Fig. 1(b) shows the arcs resulting from three separate tests; one 
occurring from the left-hand side of the orifice, one on the near 
side of the orifice directly in front of the camera, and the third 
from the right-hand side of the orifice. The movement of the 
arc and flame in the air stream is clearly visible for the two arcs 
which occurred at the side of the orifice. 

(6) DESIGN OF NOZZLES TO INTERRUPT RATED BREAKING 
CURRENT AT RATED VOLTAGE 

The breaking capacity of any nozzle depends upon the air 
pressure, the diameter pf the orifices, and the frequency of the 
circuit restriking transient. 

The electric strength of the gap depends upon the break dis¬ 
tance and the air pressure. The break distance is, however, 
definitely related to the orifice diameter in order to ensure correct 
flow conditions. 

It therefore follows that, unless the restriking transient can be 
controlled, the breaking capacity required determines the size of 
orifices (and therefore the gap length) and thus also determines 
the electric strength of the gap. 

Under conditions of maximum circuit severity it is found that 
the nozzles required for quite moderate breaking capacities have 
electric strengths considerably in excess of the minimum required 
to withstand • the restriking^voltage transient met with when in¬ 
terruption occurs at a normal current zero. This means that 
dangerous voltages can be permitted when breaking small in¬ 
ductive currents and capacitive currents. 

* (7J LlftaTATlifcN OF ELECTRIC STRENGTH OF NOZZLES 
. B"@ USING RESISTANCE SWITCHING 

When the breaking-capacity requirements dictate the use bf 
nozzles with too high an electric strength, resistance switching can 




Fig. 7.—Photograph of arc-over of nozzles tinder air-flow conditions. 

(d) Contact nozzles as seen through pin-hole camera. ^ 

(b) photographs of 3 arcs (enlarged approximately 2 diameters;. 

be introduced to give the designer another degree of freedom; 
Fig. 8 shows two possible arrangements. 

In Fig. 8 (a) two gaps are placed in series, one being shunted 
by a switching resistance and both being supplied with com¬ 
pressed air independently of each other. Here both gaps are 
made to open at approximately the same time. This timing is 
not critical. Both gaps clear the arc at the first suitable current 
zero. The resulting restriking transient by-passes gap No. 1 
through the resistor and breaks down gap No. 2 with the resistor 
in series. At the next current-zero gap No. 2 has the com¬ 
paratively easy duty of breaking the resistor current only, but is 
subjected to any switching surges which may appear. ^ 

In Fig. 8 (h) gap No. 1 is shunted by a resistor in senes with a 
permanent gap No. 2. Here the air is first jfed to gap No. 1 and 
then passes on to gap No. 2. Immediately after gap No. 1 has 
ceased to carry current, gap No. 2 is still fed by hot ionized air 
which causes it to be broken down by the restriking transient, in 
preference to gap No. 1. At the next current*zero, gap No. 2 is 
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Fig. 8.—Methods of resistance switching. 

fed with cold un-ionized air and the resistor current is in turn 
broken. 

It will thus be seen that the voltage transient encountered on 
finally clearing the circuit is impressed on gap No. 2 only in the 
case of Fig. 8 (a); and on gaps 1 and 2 in parallel in the case of 
Fig. 8(b). As, however, .gap No. 2 has to clear only the resistor 
current, it can be made with a minimum electric strength, and 
thus limit the voltage transient which may appear when breaking 
capacitive currents, of when current-chopping in inductive 
circuits occurs. 

Under these conditions gap No. 1 can be proportioned solely to 
clear the rated breaking-capacity current, and no thought need 
be given to the electric strength which the gap attains. 

In practice it is found that arrangement 8 (a) is most suitable 
for breakers of 66 kV and above; whilst arrangement 8(b) is most 
suitable for 33 kV and below. 

(8) DESCRIPTION OF A 132-kV AIR-BLAST CIRCUIT. 

BREAKER INCORPORATING RESISTANCE SWITCHING 

A circuit-breaker with a rating of 2 500 MVA at 132 kV has 
been developed on the principles set out in this paper, and the 
many novel features which have been incorporated in the design 
can be understood from the following detailed description of its 
construction and performance. 

; - •# . ' 

(8.1) Construction 

Fig. 9 shows two views of a single-phase unit of the breaker. 

Two double-break blast heads are employed per phase, one of 
which is shunted by a wire-wound non-inductive resistor. 

Each blast head is separately mounted on its own blast valve 
and air receiver, and is supported, by a post insulator, from a 
rigid tubular base in which are housed the electro-pneumatic 
control valves. 

Opening and closing of the blast valve are effected through 
small-bore porcelain tubes which extend from each blast valve 
to the control valves in the centre of the base. These tubes are 
also used to charge the air receivers. 

The blast heads are coupled at the lower ends by an air-break 
isolating switch comprising two blades arranged to rotate hori- 
zpntally and diiven through torsion insulators by an air-operated 
mechanism in the base. 

v (8.2) Blast Heads 

Fig. 10 is a sectional drawing of the shunted blast-head. The > 
two breaks are enclosed in a paper-insulation cylinder. A 
central exhaust chamber carries the fixed contacts, while the 
movable contacts/together with their operating pistons, contact 
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Fig. 9.—Single-phase unit of a 132-kV air-blast breaker incorporating 
resistance switching. 

springs and sliding contacts, are assembled in metal cylinders 
located from each end of the paper-insulation cylinder. 

The blast head is enclosed by two porcelain weather-shields, 
and the interspace is fed with dry air at a pressure slightly above 
atmospheric. 
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Fig, 10.—Section of shunted blast-head for 132-kV air-blast breaker. 

The fixed contacts are mushroom-shaped with a central ex¬ 
haust hole, and have silver contact rings brazed on, while the 
moving contacts take the form Of hollow pistons with similar 
silver-faced mushroom heads. „ ^ 

When compressed air is adrmtted at the lower end of the head 
it fills the annular space between the moving-contact housings; 
and the paper-insulation cylinder, and the movable contacts of 
each break are forced away frcm the^ fixeff cont^ts ag^nst fSe 
action of the contact springs. The air then passes through the 
nouow contacts, thus scavenging the arcs formed between them> 
and flows axially through the exhaust tubes fixed to : the..mcwmgii'' 
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contacts, escaping to atmosphere through ports at each end of 
the blast head. The air flowing through the fixed contacts is 
exhatisted radially outwards from the middle of the head. 

Both blast heads are similar in construction, but each head is 
proportioned to suit its particular duty. The shunted head has 
large-diameter nozzles and corresponding length of contact gap 
to interrupt the rated breaking-current, while the unshunted head 
has smaller nozzles and shorter contact gaps to interrupt the re¬ 
sistor current. As the maximum voltage which can appear 
across the shunted head is limited by the resistor and is inde¬ 
pendent of the electric strength of the gap, the external flashover 
value of this head is made jto suit the 50-c/s recovery voltage of 
the breaker. 

On the other hand the unshunted head has to withstand the 
maximum restriking-voltage transient, and is therefore lpnger 
and has a higher external flashover value. 

• (8.3) Blast Valves and Control Valves 

The blast valves operate on a differential-pressure principle 
which is shown diagrammatically in Fig. 11. 


(8.4) Switching Resistor 

This is built up of a number of pancake coils, adjacent coils 
being wound in opposite directions. 

By an ingenious construction, joints between coils are elimi¬ 
nated and the heavy-gauge nickel-chrome wire is wound in one 
continuous length. 

A spring at one end of the spool allows for axial expansion of 
the resistor, and the complete assembly of the coils is enclosed 
in a porcelain weather-shield filled *with a non-inflammable 
cooling medium. 

(8.5) Series Isolator 

The two isolator blades are pivoted from the air receivers and * 
retract from each other to give a very high effective opening speed 
with greatly reduced inertia forces compared with a single-blade 
design. • 

Synchronous movement of the blades is ensured by mechani¬ 
cally coupling the torsion insulators at the earthed end, and the 
coupling rod also drives an auxiliary switch to give positive 
indication of the position of the blades. 

The isolator is closed by rotating the torsion insulators by 
means of an air cylinder in the base, and is then held in the closed 



position by a powerful spring. 

A very high rate of acceleration is obtained on the opening 
stroke of the isolator by means of an air cylinder coupled to one 
of the blades. This cylinder is fed' directly from the shunted 
blast-head so that an opening operation cannot be initiated unless 
the blast valve is open and pressure has built up in the blast head. 
The opening stroke is completed and the blades are held securely 
in the open position by the same spring that performs this 
function in the closed position. 

The blades are so arranged that after the butt contacts make 
on a closing stroke they then slide across one another, giving a 
self-cleaning action. Before the contacts part on an opening 
operation, the same sliding action occurs in the reverse direction, 
thus effectively shearing any accumulation of ice. In the fully . 
open position the ends of the blades are retracted into a housing, 
fitted with rubber doors, which prevents snow and ice from 
accumulating on the contact faces. 

(8.6) Operating Data * 

The operating data for the 3-phase breaker are as follows:— 

Pressure for proving rated breaking capacity (i.e. lock-out 
pressure), 200 lb/in 2 gauge. 

Normal operating range (minimum), 238 lb/in 2 gauge. 

Normal operating range (maximum), 263 lb/in 2 gauges 

Design pressure of receivers, 300 lb/in 2 gauge. 

Air consumption on a break test for the 3-phase breaker at 
238 lb/in 2 gauge, 130 ft 3 of free air. 


with compressed air from the air receiver, the volume behind the 
piston ;y;alve being filled through a bleed hole in the piston head. 
The piston valve is biased towards the closed position by a spring 
and is held firmly closed by the full air pressure acting on the 
area enclosed by the seating. 

The area of the piston valve is approximately twice the area 
enclosed by the seating, so that if the volume behind the piston 
valve is suddenly exhausted to atmosphere, as soon as the 
pressure falls below half its initial value, the differential pressure 
on me piston hauses the valve to open. 

As air escapes past the seating its pressure over the area en¬ 
closed by the seating is then added to the opening force and the 
•pisjoq tfaive opens rapidly. 

The*main blast valve is exhausted to atmosphere through a' 
servo-valve which is also of the differential type, and the back 
of its piston valve is exhausted by the opening of a small poppet 
valve actuated.by the trip coil. > / ; ,p~: •p-'-.V 


(9) PERFORMANCE OF 132-kV AIR-BLAST CIRCUIT- 
BREAKER 
(9.1) Test Results 

Table 1 shows a series of 48 break tests ranging from 20 A to 
over 11 000 A, which latter is the symmetrical breaking-current 
rating for a 3-phase 132-kV 2 500-MVA breaker. These tests 
Were taken on an experimental model. 

A complete series of 35 tests (Nos. 431-465) was carried out in 
uninterrupted sequence except for an examination of the contacts 
wh&bw^made after test 445, \ 

Further tests taken subsequently to the above series have been 
inserted irrthe Table to show the performance at the highest 
lowest breaking currents obtainable. 

‘ The test circuits were arranged to give recovery voltages, of 
approximately 132, 114, 76, 60 and 40 kY, and the breaking 
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Table 1 

Schedule of Break Tests 




TEST* 

NUMBER 

TEST QUANTITIES 

PERFORMANCE TIMES | 

EQUIVALENT 1 
3-PHASE RATING! 

BREAKING CURRENT 

PHASE 

RECOVERY 

VOLTAGE 

kV 

ARC OURATlON&l 
. SEC* 10-2 I 

TOTAL BREAK 1 
TIME, CYCLES 1 

LINE 

RECOVER/ 

VOLTAGE 

kV 

SYMM 

MVA 

AT 

132 kV 

SYMM 

kA 

ASYM 

_ KA ...... 

SHUNTED 

ARC 

RESISTOR, 

ARC 

SHUNTED 

ARC 

RESISTOR 

ARC 

67 1 *+ 

0*021 

0*021 

112 

0*94* 

— 

2*90 

— 

129 

4*7 

672 

0*021 

0 021 

no 

(*7 

— 

3*25 

— 

127 

4*6 

673 

0 021 

0*021 

113 

1*3 

— 

3* 05 

— 

130 

4-7 

694 

0 060 

0-060 

118 

0*55 

— 

2 50 

— 

136 

141 

695* 

0*058 

0*058 

119 

0*29 

0*87 

2*45 

2*90 

137 

13*8 

696 

0*057 

0 057 

119 

1*3 


2* QS 

— 

»3T- 

13*5 

697 

0*156 

0*158 

121 

0*98 

— 

2*75 

— 

140 

37 8 

698 

0154 

0*155 

119 

0S8 

0*77 

2*50 

2*90 

137 

38-5 

699 * 

*0*154 

0*155 

121 

0*75 

0-75 

2* 60 

3*00 

140 

37*3 

431 

0*449 

0*463 

140 

1*5 

— 

3* 10 

— 

162 

126 

432 

0*458 

0*463 

140 

2*0 

0*72 

2* 80 

3* IS 

162 

128 

433 

0*449 

0*454 

140 

M 

1*70 

2* 60 

3*45 

162 

126 

435 

0*884 

0*884 

135 

10 

0-S8 

2*95 

3*25 

156 

238 

436 

0*865 

0*865 

135 

IS 

067 

3* 15 

3*50 

156 

233 

437 

0*865 

0*865 

135 

1*5 

0*75 

3*20 

3* 60 

156 

233 

439 . 

1*57 

1*59 

134 

1*1 

0*64 

2*85 

3* IS 

155 

420 

440 

1*57 

1*59 

131 

1*7 

0*58 

3*20 

3*50 

151 

410 

441 

t*57 

1*59 

133 

1*0 

— 

2*85 

—* 

154 

418 

443 *4 

1*79 

1*79 

130 

1*7 

0*61 

3* 10 

3*40 

150 

465 

•444 

1-82 

1*82 

130 

1*8 

0*64 

3*20 

3*50 

150 

473 

445 

1-82 

1*84 

130 

1*2 

0-65 

2*90 

3*25 

ISO 

473 

447 

2*40 

2*40 

114 

2-1 

0*57 

3*30 

3*60 

132 

549 

448 

• 2*38 

2*38 

114 

2*0 

0*56 

3*25 

3*55 

132 

545 

449 

2 36 

2*38 

114 

2*1 

0*56 

3* 35 

3*65 

132 

545 

450 

3-3S 

3*39 

112 

2*3 

0*57 

3*50 

3*80 

129 

766 

451 

3*42 

3*45 

114 

1*6 

0*57 

3- 10 

3*40 

132 

782 

452 

3*42 

3*42 

114 

2*0 

0*73 

3*35 

3:70 

132 

762 

593 

4*07 

4*07 

114 

1*2 

0*58 

3*05 

3*40 

132 

930 

584 

4*14 

4-14 

114 

2*0 

067 

3*60 

3*95 

132 

945 

585 

4*07 

4*07 

114 

21 

0*68 

3*50 

3*85 

132 

930 

453 


5*06 

73*7 

2*0 

0*57 

3-20 

3*50 

85 

I I 55 

454 

&-0G 

S*M 

73*7 

1*4 

0*64 

3*00 

3*30 

85 

11 55 

455 

4*97 

S-OI 

73*7 

IS 

0*58 

3*05 

3*35 

85 

II 35 

456 

5*50 

5*89 

77*9 

1*3 

0*57 

2*90 

3*20 

90 

1260 

457 

5*64 

7*99 

76*5 

1*6 

0*43 

3*05 

3*25 

88 

1290 

456 

5*64 

7*31 

75*2 

1*4 

• — 

2*95 

— 

67 

J22Q_ 

586 

6*55 

6*55 

73*6 

1*3 

0*56 

3* 15 

3*45 

85 

1500 

587 

6*43 

6*43 

74*8 

0*56 

0*56 

2*70 

3*00 

86*5 

1470 

588 

6*43 

6*43 

73*6 

0*55 

062 

2*80 

3* 10 

85 

1470 

460 

7*18 

7*25 

59*6 

1*4 

0*57 

3*00 

3*30 

69 

1640 

4%l 

7*05 

7*05 

59*6 

I* 1 

— 

2*70 

— 

69 

1610 

462 

7* IS 

7*25 

57Q 

1*3 

0*43 

3*00 

3*20 

66*8 

1640 

463 

8*75 

S-7S 

43*4 

088 

— 

2*65 

— 

50*2 

2000 

464* 

9*00 

9*08 

43*4 

1*2 

0*44 

2*80 

3*00 

50*2 

2060 

465 

9-00 

9*08 

42*5 

1-6 

0*56 

2*95 

3*25 

49 

2060 

589 

11*50 

11*50 

43*3 

0*27 

0*48 

260 

2*90 

50 

2630 

590 

11*50 

11 • 50 . 

42*6 

0*26 

0-53 

2*75 

3*00 

49*3 

2630 

591 

11*50 

11*50 

43*3 

0*81 

0*54 

3* 00 

3* 25 

50 

2630 


* Cathode-ray oscillograms of these tests are shown in Figs. 12-16. 
t Electromagnetic oscillograms of these tests are shown in Figs. 17-20. 


current at each of these voltages was increased up to the maxi¬ 
mum output of the test plant. 

Most of the test duties comprising three break tests were pre¬ 
ceded by a reduced-voltage trial test, the results of which have 
not been tabulated. 




Fig. 18.—Oscillogram of break test (Test 671, see Table 1). Breaker 
interrupting 21 A at 112kV recovery voltage. For cathode-ray 
oscillogram of this test see Fig. 16. 

All break tests below 400 A were carried out at the maximum 
receiver pressure obtainable (250 lb/in 2 gauge), and for those 
above 400 A the receiver pressure was set at the lock-out value 
(200 lb/in 2 gauge). 

Table 2 shows the results of three “make” tests on the series 
isolator. 


Table 2 

Schedule of “Make” Tests 



Test quantities 

Test number 

Applied voltage 

. Peak making 
current 


kV 

kA 

474* 

83-3 

1*63 

466 

63-0 

7*64 

• 

469, 

48-6 

17*3 


* An electromagnetic oscillogram of this test is shown in Fig. 19. 



AAAAAAAAAAA 


Fj®. 19 ,-^bscillogram of make test (Test 474; see Table 5). Peak* 
making current 1 • 63 kA. Applied voltage 83 *3 kV. 
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Fig. 20. Effect of chopping resistor current. 

pression! etTUPtl0n ° f low - inductaI 'ce circuit, zero power factor. No current sup- 
pr^ion. terrUPti ° n low-inductance circuit, zero power factor. With current sup- 
supp ) re I s n s ion UPti0tl ° f high ' inductance cira >it, P°wer factor = 0-08. No current 
supprSion. UPti ° n ° f hi8Wnductaace circuit . Power factor = 0-08. With current 

(9.2) Discussion of Test Results 
(9.2.1) Current-Chopping and Electric Strength of Nozzles. 

The current-chopping which occurred at different values of 
; p2 k ^i 1 C 6 Urrent Can 1x5 seen from the cathode-ray oscillograms 

o?A 0r ? F * g V^ 2, which was taken when breaking a current of 
9 kA, it can be seen that there is practically no loop in the arc- 
voltage trace of the form shown at “A” in Fig. 1(a), and therefore 
negligible current-chopping occurred. 

t , F jf 13 al ?° shows negligible signs of current-chopping when 
the breaker interrupted a current of 1-79 kA W 8 

When the current was reduced to 154 A (see Fig. 14) a small 
loop in the voltage trace occurred, and at 58 A (Fig ?5 the 
voltage loop was very pronounced. ^ 

deSSf tl f f a - Ct that tFe ^hunted blast, head has been 
designed for electnc strength only, and not for high breaking 
capaaty, the effect of the air blast on the arc is SpaSSy 
mild, and it was not until the current was reduced to 21 A that 

multiple current-chopping occurred (Fig 16 ) • 

restr * es of the unshunted gap which can be clearly 
^ uso “! Uo S ra “ occurred at widely different voltages, and 
tins confirms the variations in electric strength of the nozzles 
which are shown in Fig. 6. nozzles 

Q “ Tent ’ Effect of Coping 

The maamum value of the current through the resistor occurs 

vIS negIi8ibIeco mpared with the ohmic 

value of the switching resistor. As the reactance of the circuit 
is increased, the chopping which takes place on interruption of 
the resistor current is more pronounced. P 01 


Figs. 12 and 14 show the effect of chopping the resistor current 
on low-inductance and high-inductance circuits, respectively 
To facilitate the analysis of these oscillograms Fig. 20 has teen 
prepared, showing voltage and current traces which would be 
expected under the stated conditions. • 

Fig. 20(a) shows the ideal interruption of a heavy short-circuit 
current at zero power factor on a low-inductance circuit with¬ 
out current-chopping occurring when the resistor current is 
broken. 

Under these conditions, when the shunted arc is extinguished 
thus inserting the resistor into the circuit, the resistor current 
goes into phase with the generator voltage, because the reac¬ 
tance of the circuit is negligible by comparison with the resistance 
of the switching resistor. 

Exactly one quarter-cycle later, both the resistor current and 
the generator voltage reach zero and the current is broken 
without initiating any restriking-voltage transient. 

Fig. 20(6) shows the same circuit conditions, but here the re¬ 
sistor current is chopped and a small restriking-voltage transient 
is generated in the inductance of the circuit. 

Fig. 20(6) is representative of the cathode-ray oscillogram in 
Fig. 12, which was recorded on a 9-kA test. 

Fig. 20(c) illustrates the ideal interruption of a small current 
where the reactance of the test circuit has the same ohmic value 
as the shunt resistor of the breaker, i.e. where X — 

Under these conditions, when the shunted arc is extinguished 
the resistor current takes up a power factor of 0-5 with resDect 
to the generator voltage. F 

Therefore, when the resistor current is interrupted at zero the 
generator voltage is 0-7F p , and a restriking transient voltage 

dS?ng) maX ™ Um V3lue ° f 1 ' 4V » can occur (assuming*no 

■ Fi ?: 20 ® shows the effect of current-chopping in the same 
circuit. Here the current is suppressed at the time when the 
generator voltage is zero. 

In this case, although the generator voltage is zero, the chopped 
current induces in the reactance of the circuit a voltage transient 

which appears across the breaker gaps. 

As the circuityreactance is increased compared with the switch- 

fn/T T e \ P °e G l factor of the resistor current is reduced 

lenethened'unHl 01 - +£ - fi - rSt loop of the res istor current is 
’ m t h ® b ™ tmg case of infinite reactance without 

voS’SnW P1 ° S ’ T W ° U , d equal one half-cycle and the transient 
voltage could nse to a value of 2 V . 

restrik£ ma t ny teStS has sh o wn that the maximum peak 
restaking-yoitage at resistor-current interruption never exceeds 

Fifu^S ? representative of the cathode-ray oscillogram in 
Fig. 14, which was recorded on a test at 154 A. 

(9.2.3) “Making” Tests. 

aswnmetrical 118 '' tes * show f d that it «impossible to obtain fully 
r ? n c i osmg high-voltage air-blast breakers 

This is ht^rc ^ IS < ; l0Sed on the air-break isolating switch, 
ie the voltage strikes across the break whilst them 

a voltaae rw>i- 1 ^? eS gap : 30(1 thus must occur at or near 
siderinc raaso f 1 for this can be understood by con- ; ■ 

across the S whieh the peak voltage can strike 

^ile S r he ° * approximately * in. +: 

of a voltage peak occurring with a ga|l 
Fnr a A ^ ove 8 so that an arc does not occur at that 1 peak. C;' 

.. . . a ^ ^ hsh-eycle, and the vdltage will* pass 

dcSS t0wards a maximum of the opposite ; 

and thfvohSf °i,°? 85 *? the gap will have shortened to 6 in, :> 
and the voltage will havensen to the flashover value and initiated 
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the circuit currant. This will occur 53 electrical degrees after 
voltage zero, giving only a small amount of asymmetry. 

Tie contact-burning on such “making” tests is very slight and 
there is no tendency for the arc to wander and cause flashover 
to neighbouring apparatus or parts of the breaker. 

(10) RESISTANCE SWITCHING AND TWO-PART TESTING 

Full-scale breaking-capacity tests cannot be carried out on 
h.b.c. circuit-breakers, owing to limitations of size of existing 
test plants. In such circumstances it is usual to carry out “two- 
part testing,” comprising tests at rated voltage and the maxi¬ 
mum plant output current at that voltage, supplemented by tests 
at the rated breaking-capacity current at a reduced voltage which 
is the maximum available at that current. Although experience 
has shown such testing to be approximately true for oil circuit- 
breakers, it cannot be considered valid for air-blast breakers 
unless certain conditions are met. 

The reduced voltage can be offset by reducing the air pressure, 
but no data are generally available enabling a decision to be made 
as to wh^t reduction in air pressure is equivalent to a given re¬ 
duction in voltage, or what is the exact influence of the changed 
mechanical performance of the breaker brought about by the 
reduced air pressure. 

Where multiple series breaks are used the reduced voltage can 
be offset Jpy testing each break separately. A test carried out 
under these conditions can be considered exactly equivalent to 
full-scale tests, provided the following conditions are imposed 
on the break undergoing test:— 

(a) The current must equal the rated breaking-capacity current. 

(b) The interference of all breaks one on another must be the 
sarrfe, e.g. where all breaks are supplied from one source of 
compressed air. 

(c) The restriking transient across the break under test must 
be the same in shape and magnitude as it would be if all breaks 
were being tested in series at full voltage. This also applies to 
the start of the transient when it is initiated by pre-zero current 
suppression [shown at “A” in Fig. 1(«)]. 

(d) The recovery voltage across the break under test must be 
the same in amplitude as it would be if all breaks were being 
tested in series at full voltage. 

Condition (a) is easily arranged by adjusting the circuit re¬ 
actance. 

Condition (b) can usually be met by arranging for all breaks 


to open and blast, and by short-circuiting all but the one break 
on which it is required to break current. 

Conditions (c) and (d) can be met by ensuring that the ohmic 
value of the fixed impedances which are shunted across the mul¬ 
tiple breaks (to ensure equal voltage distribution) are small com¬ 
pared with the surge impedance of the circuit comprising the 
reactance and all stray capacitances which determine the inherent 
restriking transient of the circuit. It must also be small compared 
with the post-arc resistance of the gap. * 

Although it is theoretically possible to achieve this by means 
of capacitances across the breaks, the values required are im-. 
practicably large. The values usually employed do no more than 
ensure equal division across the breaks of whatever transient is 
generated by the circuit, which transient varies with the different 
circuits required for full-scale and two-part testing. The most 
practicable method is to tap the resistor used for resistance 
switching across the breaks. When sufficiently low values are 
used, the restriking transient and recovery voltage are dependent 
only upon:— 

(a) The applied voltage. 

(b) The circuit reactance limiting the short-circuit current. 

(c) The switching resistance. 

The percentage impressed across each break varies directly as 
the proportion of the resistance across that break. 

The restriking transient and recovery voltage are substantially 
independent of:— 

(d) The various capacitances of the circuit. 

(e) The post-arc conductivity of the break. 

(/) The conditions of earthing of the supply system or fault 
as they affect the voltage distribution across the breaks. 

Fig. 21 shows a multi-break* breaker with four breaks, two 
being shunted by switching resistors and two being unshunted. 



Fig. 21.— Multi-break 


t___ , 


Table 3 

Schedule of Break Tests on Double-Break Blast Head, Showing Results of Full-Scale and Unit Testing 


FULL-SCALE TESTING OF BOTH BREAKS IN SERIES 

Test 

No. v 

Breaking 

current 

Recovery 

voltage 

Remarks 

822 

syiwn. kA 
2-06 

kV 

54*7.. 

Cleared 

823 

2* 81 

52*2 

Cleared 

824 

* 

oo 

rV 

> 

53*8 

Failed 

■- 781 

3-6 

56*3 

Failed 


* breaking current for failure. 


UNIT TESTING OF EACH BREAK 

Test 
: NO. 

Breaking 

current 

Recovery 

voltage 

Remarks 

814 

symm.kA 

2*44 : 

■7 kV 

26-4 

Cleared 

818 

2-51 

27*2 

Cleared 

820 

2-92* : 

28*3 

Failed 

785 

3-15 

27*0 

Failed 



784 ■ 

3-23, 

28*6 

Cleared 

783 

3*29 ; , 

29-6 

Cleared 

806 

7-61 

31 - 6 

Cleared 

807 

175 ' 1 

31-6 

Cleared 

K - . - . - 
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circuit to give 6-6 kA at 132 kV and to It is found that the most onerous combinatiomoccurs where the 

g transient of 10 kc/s. ohmic value of the system reactance is equal to the ohmic value 

circuit is 0-0635 H to give 6-6 kA at of the switching resistor. • 

. The following series of test duties is therefore proposed 

10 kc/s is 4 non ,,/iF K • 


Assume a single-phase circuit to give 6-6 kA at 132 kV and to 
give an inherent restriking transient of 10 kc/s. 

132kV indUCtanCe ° f the circuit is °' 0635 H t0 ^ 6-6kA at 

The value of C to give 10 kc/s is 4 000 ftp. F. 

Therefore the surge impedance is 4 000 ohms. 
i nit r ® s| stance of 300 ohms shunting the breaks is less than 
l/13th of the surge impedance and thus the magnitude and shape 
ot current-chopping and restriking transient voltages are deter- 
ini tied thereby. 

_ If, therefore, each break “D” and “E” is tested in turn with 
the other break and its resistor short-circuited and with rated 
current flowing, but at half voltage, then the performance of each 
break should be identical with its performance when tested in 
senes at full rated voltage. 

The E.R.A. have suggested calling such testing “unit testing ” 
and the authors would like to support this proposal 
Table 3 shows results of “full scale” and “unit” tests applied 
to a two-break radial-flow double-blast head of the type shown 
in Fig. 10. For this type of head, air is admitted to the lower 
chamber surrounding the lower break and then passes through 
orifices past the middle exhaust chamber to feed the top break. 
This results in a lower air pressure at the top break, with a con¬ 
sequent reduction in breaking capacity as compared with the 
lower break. 

In commercial designs this is usually compensated by an in¬ 
crease in nozzle diameter and break distance for the top break. 

For these tests, however, both breaks were made physically 
identical, with the result that the ultimate breaking capacity of 
the lower break is much higher than that of the top break. 

Comparing the test results, it*will be seen that the two breaks 
m series failed at approximately the same current as, and double 
the voltage of, the top or poorer of the two breaks alone. Had 
the bottom break been blocked up or missing, or had the bottom 
break alone been tested, entirely erroneous conclusions would 
. have been reached. 

As a matter of interest it was later proved that by increasi ng 
die nozzle diameter of the top break by 50% and the break dis¬ 
tance by 20%, the top break was made as good as the bottom 
break and the breaking capacity .of the two in series was more 
than doubled. 

(11) PROPOSED TYPE TESTS TO PROVE BREAKING 
CAPACITY 

A senes of breaking-capacity type tests should prove that the 
breaker can interrupt any current up to its rated capacity on any 
type of circuit. Such tests can be divided under three headings 
{a) Tests at full breaking capacity. 

(b) Tests at the value of short-circuit current which gives most 
onerous conditions for the operation of the unshunted h ea d 
breaking the resistor current. (For breakers with resistance 
switching only.) 

(c) Tests to prove that the breaker limits, to permissible 
values, switching surge-voltages caused by current-chopping or 
the breaking of capacitive currents. 

Some further explanation is required with respect to (b) abo ve. 
When interrupting heavy short-circuit currents the ohmic value 
of the switching resistor is high compared with the ohmic value 
ot the reactance of the circuit, so that the resistor current is 
approximately at unity power factor and interruption therefore 
occurs with a very small voltage transient. As the value of fault 
current being interrupted is reduced by increasing the system 
reactance, the power factor of the resistor current decreases but 
so does the value of the current, until with very high values of 
reactance the resistor current is practically at zero power factor 
but it is alsetyery small in magnitude. / v 


Duty 1. 

B-3-MB-3-MB at rated symmetrical breaking current, peak 
making current and voltage. 

Duty 2. 

B-3-B-3-B at rated asymmetrical breaking current and 
voltage. 

Duty 3. 

B-3-B-3-B at a current where the system reactance in ohms 
equals the ohmic value of the switching resistor. 

Duty 4. 

B-3-B-3-B-3-B (20 tests) at a small value of current 

at which cathode-ray oscillograms show multiple current¬ 
chopping to take place. (Magnetic and cathode-ray oscillograms 
to be taken on 1st, 10th and 20th tests only.) • 

Duties 1, 2 and 3 should be carried out at the minimum air 
pressure for short-circuit tests or lock-out pressure. 

Duty 4 should be carried out at an air pressure equivalent to 
the safety-valve setting. # 

For Duty 4 the breaker should be shunted by a sphere gap or 
equivalent measuring device set to flash-over at the maximum 
permitted value of surge voltage. It is suggested that eventually 
this value for a given rated voltage should be tabulated in the 
appropriate British Standard Specification. 

No flashover of the sphere gap or over the breaker heads or 
insulators should take place. • 

Where full-scale tests cannot be carried out and where the 
breaker is of the multi-break type with resistance switching, 
unit testing” should be adopted in which Duties 1 and 2 
should be split up as follows:— 

Duty 1(a). 

B-3-MB-3-MB on each break at rated symmetrical breaking 
current and peak making current, at a voltage equal to line 
voltage divided by the number of breaks. 

Duty 1 (Z>). 

B-3-MB-3-MB at rated voltage across all breaks in series 
and the maximum symmetrical breaking current and peak 
making current the plant can give at that voltage. 

Duty!. 

B-3-B-3-B as \{a) but at rated asymmetrical breaking current. 
(12) CONCLUSIONS 

(а) An air-blast circuit-breaker, like an oil circuit-breaker causes 
over-voltages when it breaks a circuit under certain conditions. 

(б) rT h l Pr ° S ? eCt ^ Ve vaI " e ofthe over-voltages depends upon:— 

(i) The circuit constants, i.e. inductance, capacitance and 

resistance. 

(ii) The rate at which the arc is de-ionized. 

(c) Under conditions veiy often realized in practice, the 
PW^^hwff such over-voltages can be daflgerouslAigh, i 
d he actual value reached is limited only by restriking of the 1 
breaker gap. ■- . 

ga p ^ us not only has to be proportioned to’ i 
breakrte rated_breakmg current, but also to linfit, by reslrikingi t 

the values reached by switching over-v oltage 
(e) The breaking capacity and electric strength of a nozzle are ,■ 
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interdependent, unless the restriking-voltage transient can also 
be controlled. 

(/) The restriking transient can be modified by means of re¬ 
sistance switching, so that by its introduction the breaking 
capacity and electric strength of the breaker can be controlled 
individually and independently. 

(g) By combining resistance switching with series multi-breaks, 
the distribution and exact shape of the restriking transient across 
each break can be accurately controlled. This means that “unit 
testing” of such breakers is completely valid. This will greatly 
increase the scope of existing test plants for testing h.b.c. breakers. 

(h) The breaking-capacity type tests given in B.S. 116 for oil 
circuit-breakers are not entirely satisfactory for air-blast breakers. 
Amongst several minor changes it is necessary to add a test duty 
to prove that the breaker adequately limits switching over¬ 
voltages. 

*The switching over-voltage which is most convenient to produce 
on test plants is that due to current-chopping in an inductive 
circuit. The voltage-limiting effect of the breaker can be demon¬ 
strated by taking a series of breaking tests at a current at which 
multiple current-chopping occurs. 


A duty comprising only three tests is considered inadequate to 
demonstrate the capability of the breaker to limit over-voltages, 
and it is suggested that 20 tests should be included. These should, 
be sufficient to take care both of the variations in arc length at 
final interruption and also the statistical nature of the breakdown 
of air-gaps under rapidly applied voltages. 
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DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE INSTITUTION, 30TH MARCH, 1944 


Mr. C. W. Marshall: These papers, indicate the reactions of 
switchgear designers to the potential effects of switching by air- 
blast circuit-breakers, and a fair warning is given to supply 
authorities that at some points on most power systems high 
transient voltages may be created when faults are being rapidly 
cleared: The two papers explore common ground in their 
analysis of the performance of circuit-breakers, but they differ 
profoundly on the practical solution of the over-voltage problem. 

Messrs. Harle and Wild show how the rate of rise of restriking 
voltage can be calculated in terms of simple measurable circuit 
constants, and they give the limiting rates of rise which can 
be dealt with by commercial air-blast circuit-breakers. Supply 
engineers will doubtless be grateful for the clear and valuable 
statement of the basic calculation of R.R.R.V., but will probably 
be less satisfied with the prospect of haying to make natural 
frequency surveys of their networks, or with the suggestion that 
N reactors should be arranged in such a way as to avoid high 
natural frequencies, unless this can be done without impairing 
their effectiveness as short-circuit current reducers. 

Messrs. Cox and Wilcox have produced what appears to be a 
general solution in the form of a resistance circuit-breaker which 
ensures* that the R.R.R.V. will not exceed the clearing capacity 
of the unit, and that the transient voltages impressed on the 
apparatus will be innocuous. This manifest advantage is ob¬ 
tained at the cost of some complication, which may be viewed 
unfavourably by supply engineers who remember the weaknesses 
of oil circuit-breakers incorporating resistance switching. 
Generally, however, it will be conceded that the authors have 
made a notable contribution towards scientific circuit-control. 

In Section 12(c) Messrs. Cox and Wilcox state that under con¬ 
ditions often realized in practice the prospective value of the 
over-voltages in question can be dangerously high. On the Grid 
all4he 132-l^V circuit-breakers now have arc-control devices, of 
one kind or another. In the course of 15 years’ experience, 
3 cases of fiashover of 26-in rod gaps have come to my notice; 
two w^re due to the switching-out of a transformer on no-load, 
* and* the third to switching-out a 132-kV line incorporating i 
current-limitii^ reactor. In no case were any of the oyer- 
voltages due to: apparatus failures. 132-kV circuit-breakers con- 
. trolling 15-MVA capacity compensating reactors have shown 
sighs of being subjected to abnormal arcing conditions, although 


working at only 1% of their rating, the oil rapidly becoming 
carbon-laden after a few operations. In these particular appli¬ 
cations, too, flashing-over of the neutral bushings was quite 
common when these were insulated. 

A further interesting practical case is that of the switching-out 
of 66-kV cables. In one case where the peak-charging current 
is about 100 amp, we have on several occasions seriously damaged 
the arcing control devices, although without causing any wide¬ 
spread disaster. These experiences, although apparently insig¬ 
nificant in relation to the vast number of switching operations 
on the Grid, emphasize the value of the investigations which the 
authors have carried out. The C.E.B. has co-operated with 
switchgear manufacturers and with the E.R. A. in elucidating such 
cases, and will continue to do so, because I do feel that it is the ^ 
duty of those concerned with supply to follow up the actual work * 
of the testing stations and switch designers. In this connection, 

I am very glad to see the generous tribute paid to those E.R.A. 
investigators who have been working on circuit-breakers. They 
have done remarkably good and original work with compara¬ 
tively weak testing plant, and it must be very satisfying to them 
to find their figures fully corroborated by the powerful equip¬ 
ment available in the testing stations. 

The authors’ suggestions for test duties appear to be in ac¬ 
cordance with practical requirements, and should safeguard users 
from untoward experiences in field service. I suggest that it 
might be possible to spread out the 20 tests proposed by Messrs. 
Cox and Wilcox at uniform intervals over the current wave. 
That would make it the more certain that the most severe condi¬ 
tions were obtained. . 

Both papers indicate that the control of natural frequency by 
capacitance is hopelessly uneconomic, but there are develop¬ 
ments outside the switchgear province which suggest the con¬ 
trary. First, the development of high-voltage cables with very 
thin dielectrics and high capacitance will probably lead them to 
be more frequently incorporated in substation designs. It is quite 
common practice to put in a length of cable at overhead-line 
terminals with the single object of limiting the severity of lightning 
surges. There seems to be a good case for incorporatmg cables 
in stations with a view to improving the arrangement of apparatus 
and the accommodation of current transformers, and, in addi¬ 
tion, to providing a measure of natural-frequency control. The 
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second possibility is that materials with very high dielectric con¬ 
stants, of the order of many thousands, are now available in high- 
• frequency applications and it should be possible to employ them 
in power capacitors. 

Mr. A. R. Blandford: In a recent paper before The Institution, 
I made a plea for greater collaboration between testing stations 
and the supply industry, with a view to establishing test values 
which would meet all normal situations. This plea was made in 
the interests of economy and not, as now seems to be the case, 
for the purpose of discriminating between oil and air-blast 
circuit-breakers. Up to the present, the air-blast breaker has 
been tested under conditions identical to those used for oil 
circuit-breakers. This may provide an unnecessarily high safety 
factor, particularly as one Continental manufacturer openly 
declares that he conducts his testing at the comparatively low 
frequency of 10000 c/s. Messrs. Haxle and Wild’s proposals in 
Fig. 10 are, however, very welcome, but I do not think that the 
survey of the conditions prevailing on systems in this country is 
yet sufficiently complete, and for this reason they may have 
shown excessive and premature zeal in making their proposals. 

Test experience with other air-blast circuit-breakers is at 
variance with curve 7 in Fig. 3. Here, it seems, there. is a 
tendency towards generalizing on the basis of tests on one type 
of design, which may not be wise. This curve assumes a different 
shape for different designs and voltages, and in fact a 132-kV 
air-blast circuit-breaker recently tested showed satisfactory 
operation at 4 300 V/fis on 10% and 6 100 V/^s at 100% test. 
This is a departure from the shape of the curve reproduced by 
the authors, and* of course, affects cyirve 4 in Fig. 3. 

It is surprising to find so much space devoted to the plain- 
break oil circuit-breaker. How many h.v. breakers of this type 
have the authors recently installed? 

Fig. 4 compares oil and air-blast circuit-breakers, and in each 
case shows the effect of the restriking voltages at different duty 
cycles. These curves are set out in rather misleading fashion, 
as, when an air-blast circuit-breaker of the axial-blast type gives 
2 half-cycles of arcing, it does so either because the current zero 
is inopportune or because it has very nearly reached its failure 
point. Hie latter condition is borne out by the authors’ curves, 
from which it may be assumed that all air-blast circuit-breakers 
are operating under a condition of failure at 100% duty cycle at 
800 V//xs, which is, of course, incorrect. Perhaps the authors do 
not intend this interpretation to be put on the curves; if so, 

\ & would have been preferable to extend the* base of the curve 
up to a higher R.R.R.V. showing circuit-breaker failure rates 
more comparable with those obtained on test. 

* In Section 11.1.1, it-is suggested that a tangent should be drawn 
to the first peak exceeding 80% of the normal 50-c/s peak 
recovery voltage. I suggest that this is far too high, as peaks 
not exceeding 20% of the 50-c/s peak recovery voltage have been 
known to be the cause of failures on air-blast circuit-breakers. 

Messrs. Cox and Wilcox describe a 132-kV air-blast breaker in 
which resistance switching is incorporated. It is not quite clear 
whether this has been incorporated mainly to improve the effi¬ 
ciency of the breaker or to restrict peak over-voltages in service. 

the end of Section 2 the authors suggest that the non- 
incorporation of resistances is a “brute force” method of extia- 
This is not borne out by operating data 
obtained on other air-blast breakers. 

The 132-kV circuit-breaker to which I have already referred did 
not have resistors^ It was a 2-break circuit-breaker—not 
2 breaks and 2 resistance breaks, but simply 2 breaks without 
^istanc^^-and-it operajed at the same pressure as the authors’ 
teate;: 2501b/in2 .nominal. operated satisfactorily up to 


a lower air consumption, hence the term “brute force” is not 
justified. 

Dr. W. B. Whitney: These two papers, with the recent paper 
by Mr. Blandford, have been a very great encouragement Co those 
who have faith in the future of the gas-blast circuit-breaker. 

The problems connected with air-blast breakers can be classi¬ 
fied under the heads of design, rating and specification, and 
proving. 

With regard to the first, research and design have to meet and 
overcome functional difficulties, which in some oil circuit-breakers 
may be masked and which early research on air-blast breakers 
brought to light. The principal difficulties are: sensitivity to the 
net effects of such circuit components as affect high-frequency 
voltage transients, and current chopping, which occurs also in 
oil circuit-breakers although it was long unsuspected there. 

Under the second head, the rating of air-blast circuit-breakers 
calls for a suitable specification to ensure that, on rating tests, 
the breaker will meet the worst severity demands (h.f. and l.f.) 
likely to be made on it at its rated kVA and lcV when later it is 
installed in any network. 

Thirdly, the proving of an air-blast breaker in relation to such 
a specification implies a suitable testing technique and, where 
extrapolation has to be used, knowledge of the laws involved; it 
also requires the proper set-up of test-circuit parameters. 

I notice that both papers fail to mention the importance of 
securing adequate arc duration in air-blast tests. This pre¬ 
caution needs stressing because in such breakers, the heated gases 
from arcing on the high-pressure side of the throat, have to be 
eliminated before current zero, and because their quantity in¬ 
creases with arc duration. Fig. A, which is a diagram based on 


Area under curves represents total heat 
released in arc$ap in Vi,ft and 1 half-cycle 



Fig. A.- 


h— -;1 Half-cycle--—J c 

-Dependence of total heat release on arc duration. 


the energy release in a steadily-opening gap during a half-cycle of 
current, indicates the wide variation in the rate and total quantity 
of heat generation which can occur depending on the point (Q 
of the commencement of arcing in relation to the current zero 
Alternatively, if there is sufficient fundamental knowledge 
of the behaviour of gas-blast breakers, it should be possible to 
tell, from a test in which there is not a full half-cycle of arcing, 
whether the breaker will clear when C, takes place early in an 
asymmetrical wave. «■ 

The paper by Messrs. Harle and Wild is a valuable contribution 
to the problem of assessing circuit severity on the of a 
straightforward race between rising voltage and recotfejy of' 
dielectric strength by the gap, arid is a friendly challenge to file 
Cassie energy-balance' theory* (referred to in both papers) to 


* Cassie,A.M., foe.eft. 
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This yard-stick should be able to measure the circuit severity 
with which an air-blast breaker of the axial type has to deal, 
without the ambiguities associated with the R.R.R.V. theory, 
and I am confident that the new theory will provide a simpler 
relationship between the effort demanded of an air-blast breaker 
and the severity it has to meet. 

It is clear that the development and utilization of resistance 
switching and the possibilities of adjusting the breaker effort, 
by selection of blast pressure and nozzle diameter, provide all the 
tools the designer needs to deal with the conditions of circuit* 
severity which can occur, and the paper by Messrs. Cox and 
Wilcox shows the advance already achieved in this direction. 

Mr. C. H. Flurscheim: With regard to the proposals put 
forward for a new air-blast circuit-breaker specification, it should 
be remembered that even with oil breakers the validity of ratings 
based on B.S.116 is dependent on a wide background of develop¬ 
ment testing. I do not consider it will be found either practicable 
or desirable to introduce into a new specification clauses en¬ 
deavouring to cover a wide additional range of possibilities. I 
believe rather that these should still form part of the considerable 
development programme essential with any new class of circuit- 
breaker design. * 

As regards restriking phenomena, the effect of these on air- 
blast breakers varies very widely with the design and also to 
some extent with the restriking wave form, even given similar 
rates of rise. An attempt to introduce them as anew rating 
criterion can only be considered as a retrograde step in the art, 
if thereby the application of air-blast circuit-breakers is to be 
more limited than that of oil interruptors, and it should be 
sufficient at the present time to include the inherent testing-circuit 
conditions in the test reports issued. 

The difficulties attendant on drawing up a wider specification 
must be evident when the variety of methods of interruption with 
air-blast are considered. These include breakers without re¬ 
sistance damping, with linear resistors inserted through a gap or 
permanently shunted across some section of the breaker. These 
will all respond differently to restriking phenomena and will re¬ 
quire a different technique in applying the desirable feature of 



Kg. B.--^Cathode-ray oscillograms for a h.v. air-blast circuit-breaker. 


unit testing with larger types. Yet a further solution is possible 
involving the permanent shunting of the interrupter element with 
a non-linear ceramic resistor such as Metrosil, in which the re¬ 
sistance decreases very rapidly with rise in voltage. The follow- 
through resistance current is then so suppressed towards current 
zero by the characteristics of the material that it can be inter¬ 
rupted without air-blast by the series automatic isolator normally 
required. The resistance can also be controlled so that it can 
suppress entirely any attempt by the circuit-breaker to produce 
over-voltage, and it can, if required, modify the normal restriking 
voltage transient. 

Fig. B shows cathode-ray oscillograms obtained on a high- 
voltage air-blast circuit-breaker under different operating condi¬ 
tions. Curve 1 shows interruption of a short-circuit without re¬ 
sistance. Curve 2 shows the same test for the first phase to 
clear with a non-linear resistance across the breaker, while 
curve 3 shows the second phase to clear in which the 50-c/s peak 
voltage is lower and the damping therefore less complete. 
Curve 4 shows interruption of light inductive current without 
damping, and curve 5 the same test repeated with the non-linear 
resistor in circuit. 

Mr. W. A. McNeill: In the first paper, Messrs. Harle and Wild 
have weakened an otherwise excellent review of the influence of 
network conditions on the performance of circuit-breakers by 
assuming that restriking rate is the complete criterion of circuit 
severity. They have glossed over the difficulties of interpreting 
the relationship between single- and multi-frequency transients, 
and have also assumed, as indicated by Mr. Blandford, that 
voltage peaks of less than 80% of the 50-c/s crest can be ignored. 
On these and other grounds, I cannot support their suggestion 
that rate of rise should be included in the rating of air-blast 
breakers, and I think that an analysis of their own data in the 
paper shows that, in general, the severities of the British testing 
stations represent the worst conditions usually encountered in 
service. From the point of view of proving the design of air- 
blast breakers, I should prefer to approach the problem from 
another angle, and obtain co-ordination of the testing conditions 
by agreement amongst the testing authorities. 

Turning to the authors’ proposals for unit testing in Section 
11.3,1 view the proposed scale-model tests with some misgivings 
and I foresee considerable difficulty in incorporating sflch tests 
in a British Standard. I should like to know the precise theo¬ 
retical justification for the performance ratio pientioned, and why 
this factor should be less than unity. For three reasons, the 
conclusions drawn from the authors’ tests are open to question. 
Voltage distribution in the test described appears to have been 
judged from cathode-ray oscillograph records; in my experience 
the recording equipment itself introduces unbalancing capaci¬ 
tance. Secondly, insufficient data are given to determine whether 
the air flow and pressure conditions were identical for each break. 
Thirdly, the data are insufficient to prove that the assumed rela¬ 
tionship between breaking capacity and rate of rise is correct; 
over a wide range. 

In the second paper, Messrs. Cox and Wilcox have made out 
a very good case for the universal application of resistance 
switching, and I agree that it has many virtues up to 33 kV, but 
I cannot agree that its incorporation is indispensable at higher 
vbltages. If the methods of ‘‘brute force” referred to by the 
authors would include the use of, say, 25% more air than they 
nto methods simplicity of construction and 

ease of maintenance are achieved,»then I prefer brute force* 
provided, of course, it is not accompanied by crass ignorance. 

Also, I strongly disagree with the statement that capacitance, 
control of voltage distribution is impracticable where unit con-1 
struction is applied. By suitable arrangement of the inter¬ 
rupting heads* adequate balancing capacitance can be achieved; 
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tests have shown that the influence of po$>arc conductivity is 
negligible. 

The authors appear to have exaggerated the problem of 
current chopping. Their proposed remedy, a gap of low 
electric strength, is certainly effective in limiting the voltage 
appearing across the breaker, but it may introduce other 
troubles. If such a gap breaks down repeatedly when inter¬ 
rupting charging current of capacitance circuits, dangerous 
voltage rises may occurs Where the suppression of current¬ 
chopping voltages is necessary—and the case for the universal 
application of any preventive means is not yet proved—I prefer 
a voltage-dependent resistance of the Metrosil type already men¬ 
tioned. It is hoped to describe the application of this method 
more fully when patent proceedings have been completed. 

Regarding the design of the nozzle given in the paper, the 
method of calibration is very interesting and would certainly be 
useful, but I cannot agree with the assertion that the gap is 
necessarily completely de-ionized before the transient peak is 
reached, and as far as the consistency of the nozzle is concerned 
a study of Fig. 6 would suggest that the nozzle is consistent only 
in its inconsistency. I prefer a double nozzte of the type incor¬ 
porating a convergent-divergent orifice. 

Mr. J. S. Forrest: In the'past, information on the rate of rise 
of restriking voltage has not been readily accessible, and the data 
given by Messrs. Harle and Wild for systems operating at various 
voltages and for testing stations will be welcomed by users of 
switchgear. 

In Messrs. Cox and Wilcox’s paper, I was very interested in the 
ingenious test set-up shown in Fig. 5, and in the pin-hole photo¬ 
graph of the sparkover shown in Fig. 7—it may be worth men¬ 
tioning that there is an optimum size of pin-hole. It is rather 
disconcerting to find that the measured breakdown voltages ex¬ 
hibit such a large spread, amounting to 50%. The authors dis¬ 
miss this by saying that it is an inherent feature of the breakdown 
of air at high pressure. There is no doubt, however, that any 
such inconsistency in an experimental investigation means that 
some variable is not properly controlled. In the present case, I 
suggest that if the authors took high-voltage cathode-ray oscillo¬ 
grams showing the time lag to breakdown and the breakdown 
voltage, then the reason for the variation might become apparent. 
It mighf also be worth while to determine whether the consistency 
of sparkover voltage was improved by the presence of some 
radium salt on the spark-gap. 

I should like to refer to a general point in the design of air-blast 
switchgear. It is often found that a newly developed equipment 
fulfils all major requirements, but fails to meet some apparently 
trivial service condition. For example, an air-blast switch might 
successfully clear million kVA in a few cycles, but would fail 
to withstand the British climate and the normal service voltage 
for a few years. Quite a large proportion of breakdowns on 
outdoor switchgear are due to the flashover of the external 
porcelain insulators. The conventional oil circuit-breaker has 
two external porcelains per phase, but a typical air-blast circuit- 
breaker, e.g. Fig. 9 in Messrs. Cox and Wilcox’s paper, has six 
insulators per phase between live metal and earth. Furthermore, 


current is about 1 milliamp per insulator; in other words, to use I 
“stabilized” insulators. I should be interested to have Messrs. j 
Cox and Wilcox’s views on this possibility. r ! 

Mr. J. S. Cliff: The general principles of the MVA/R.R.R.V. \ 

characteristics of air-blast circuit-breakers are now fairly well f 

understood, and, as the paper by Messrs. Harle and Wild shows, . i 
these must be taken into account in the rating and testing of j 

such interrupters. The problem of rating resolves itself into J 

determining what is a fair R.R.R.V. to take for a given MVA 
rating at a given service voltage. This must obviously depend j 

upon the characteristics of the supply networks, and already suffi- j 

dent work has been done to show how difficult this selection ! 

is going to be, since the R.R.R.V. in service varies over a very 
wide range. • 

The first possible solution to this problem is to rate the circuit- j 
breakers for the highest R.R.R.V. values encountered in service. j 
Most of the service data so far collected have been concerned j 
with the maximum values obtainable, and these, as the authprs 
demonstrate, are usually associated with transformers or reactors, 

. and in many cases reach very high values provided that there are 
no overhead lines or cables attached to the circuit, and also 
assuming that there is no parallel load. Circuit-breaker opera¬ 
tion under these conditions is very rare, particularly at the 
medium voltage at which many circuits are usually coupled to the 
busbars. A further difficulty arises during testing for rthese con¬ 
ditions, for, as will be seen by superimposing the curves of 
Fig. 11 on those of Fig. 10, the maximum R.R.R.V.’s in service 
are considerably greater than those on standard test circuits. It 
would thus be uneconomical to build, and difficult to test, circuit- 
breakers rated on the basis of the maximum rates obtainable in 
service. ° 

To obtain a clear picture of the distribution of the R.R.R.V. 
with respect to short-circuits occurring during normal system 
operation will require a considerable amount of work, and 
calls for close collaboration between operating engineers and 
designers, but if simple, reliable, and economic designs are to be 
produced, this work must be undertaken. From general con¬ 
siderations, and the performance in service abroad of circuit- 
breakers having very poor R.R.R.V. characteristics as judged by 
British standards, it is clear that the severity of a very high per¬ 
centage of the short-circuits is not very great, and this factor 
must be borne clearly in mind, otherwise we may be severely 
handicapped ourselves, particularly in competition with Conti¬ 
nental products. 

The third possible solution is to make the circuit-breaker per¬ 
formance independent of circuit severity. This can be done by 
shunting the arc with a resistance, and many such circuit-breakers 
are operating satisfactorily on medium-voltage circuits. Messrs. * 
Cox and Wilcox have shown how it can be achieved for the 
higher voltages. To clear the resistance current additional J 

breaks are necessary, thus making the design more expensive j 

and complicated. Whether this is really necessary, and tfiBrefore 
justifiable, can only be proved by operating experience. 


the potential distribution on these insulators is not so good as in 
the case of the usual condenser bushings. Supply engineers 
expect to obtain at least as good service from air-blast as from 
oil circviit-breakers, and it follows that the designer must provide 
insulators haying three times as good a performance if he is 
going to use three times the number of insulators. This can be 
achieved by using’adequate leakage distances, more than one 
inch per kV of system voltage. Recent developments, however, * 
1 indicate that a more effective method of improving insulation 
performance is to use a semi-conducting glaze on the external 
and internal surfaces of the insulator so that die steady leakage 


Mr. H. Trenchant: In the paper by Messrs. Harle and Wild, the 
statement is made that air-blast breakers are highly sensitive to 
rate of rise of restriking voltage, but this does not cover the whole 
truth. Fig. 6 of the paper shows a characteristic in the form 
approximately of a hyperbola and confirms what the E.R.A. has 
told us, namely thatthe R.R.R,V.is not a tfuecrtter^ 

It means that the sensitivity to rate of rise varies : the curve at 
one end is asymptotic to a constant R.R.R.V* when a small 
change in it may carry one over from success to failure* or vice 
versa; whereas at the other end it is asymptote to a cdnftant 


When, therefore, one engineer claims test results which show that 
the breaker is very sensitive, and another says that he found no 
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difference at all with changed R.R.R.V., they can both be telling 
the truth, but will be referring to different points on the charac- 
terisfic curve. 

Intermediately, the slope changes between these extremes and 
will be settled by the individual conditions of each case con¬ 
sidered. These conditions involve the circuit constants (or 
natural frequency, if you will), the geometry of the breaker nozzle 
and the pressure of air used. 

From the paper by Messrs. Cox and Wilcox it may be inferred 
that the hyperbolic characteristic curve of MVA against natural 
frequency provides the dominant factor which settles whether re¬ 
sistance switching is or is not necessary at any given breaking 
rating and voltage. 

As regards the suggestion in Messrs. Harle and Wild’s paper 
that the R.R.R.V be standardized for testing air-blast circuit- 
breakers, and referring to Fig. 10, the dotted lines appear to be 
portions of hyperbolae, but it is clear that they belong to different 
curves or to various sections of the curves. There is, however, 
no indication which purports to show that they are truly of 
general application or, on the other hand, are peculiar to some 
one form of breaker design. The figures indicated in this series 
of curves are very much lower than are reported for system con¬ 
ditions in the United States in a report by St. Clair and Adams 
on a survey of the systems of six power companies. 

It is clear that the R.R.R.V. in one form or another must be 
taken into account in our tests, if only to secure that they are 
severe enough to give reasonable assurance of safe service. To 
introduce it as a factor in the choice of a circuit-breaker would 
do a. disservice to the air-blast breaker. It has not been necessary 
in the application of oil breakers, and few operating engineers 
have time enough to analyse their systems in order to ascertain 
figures on which they would care to risk the safety of their 
systems, even if they were prepared to neglect the very frequent 
changes in connections and resulting natural frequencies which 
operating conditions impose. 

It is a responsibility heretofore carried by manufacturers and 
will best remain so. In meeting that responsibility they will be 
well advised to push their designs as high as they can towards 
test plant conditions rather than pull them down as low as they 
dare towards system conditions, because these have changed and 
will change again. What is large enough for to-day may well 
be too small to-morrow, and time and trouble taken now may 
save many difficulties later on. 

Mr. D. E* Lambert: Regarding the co-operation supply authori¬ 
ties can give in the development of air-blast circuit-breakers, 
Fig. 10 of Messrs. Harle and Wild’s paper shows two sets of 
curves—$ne set indicating air-blast circuit-breaker characteristics, 
and the other the probable maximum system rates of rise of re¬ 
striking voltage. Manufacturers are making steady progress in 
determining air-blast circuit-breaker characteristics, and any 
corresponding data which supply companies or the E.R.A. can 
give r?£arding system conditions will materially assist develop¬ 
ment and standardization of this class of circuit-breaker. 

I agree with the authors that at the present stage of develop- / 
ment of air-blast switchgear, resistance switching is desirable up 
to 33 kV, but for the higher voltages I believe that for all practical 
purposes a resistance can be avoided. This has been proved at 
66 and 132 kV with the type of circuit-breaker shown by Messrs. 
Harfe and WiM, which incorporated for 132 kV, multi-breaks, a 
suitable voltage limiting gap, and an appropriate construction of 
contacts to give a restricted arc length. 

> The two main arguments advanced in favour of resistance 
swftcffing are: a^modification of of rise of restriking 

transient, and (Z>) a great reduction in air consumption. With re¬ 
gard to (a), where the rate of rise is too high to be dealt mth 
•by a single break without resistance switching, multi-breaks are 


utilized in such a way as to reduce the rate of rise so that the 
value per break can be dealt with easily. In respect to (6), the 
air consumption of an air-blast circuit-breaker is dependent on 
many factors, including the size of the nozzle (which in turn is 
related to the value of the short-circuit current to be broken), 
the pressure which is necessary to give the required dielectric 
strength within the circuit-breaker, the volume of the inflation 
spaces, the time for which the air is supplied for an operation 
of the circuit-breaker, and the air which is used for conditioning" 
the insulation. Although it is generally admitted that the rate 
of flow of air can be less for a circuit-breaker embodying re¬ 
sistance switching, this factor does not seem to be the dominating 
one in respect to air consumption. In point of fact, the 132-kV 
circuit-breaker to which I have already referred, and which is not 
fitted with a resistance, has been subjected to short-circuit cur¬ 
rents equal to those mentioned by the authors and with a total 
air consumption per make-break operation almost the same as 
that given by the authors. The supply of air is maintained until 
the series-break isolator arm has reached a safe clearance 
distance. 

An interesting point in connection with test results given by 
Messrs. Cox and Wilcox is referred to in the last paragraph of 
Section 10. This shows that an increase in nozzle diameter of 
one break by 50 per cent (with its corresponding increase in air 
consumption) can double the breaking-capacity of the circuit- 
breaker. ^Previously, however, in Section .2, the “brute force” 
method of “merely supplying sufficient air to do the job” has 
been condemned. Thus again, although it is claimed that re¬ 
sistance switching effects a reduction in air consumption, aero¬ 
dynamic considerations may result in an increase in air con¬ 
sumption to obtain the optimum results with a given design. 

It would appear, therefore, that the real advantage of re¬ 
sistance switching at the high voltages is the universality of 
application of the circuit-breaker. If, however, as shown by 
Messrs. Harle and Wild, circuit-breakers without resistance 
switching have characteristic curves well above corresponding « 
curves representing the severity conditions of supply systems, I 
doubt very much whether the addition of the resistance, with its 
attendant hazards, is economically or practically justified at the 
higher voltages. 

Mr. G. W. Carter: My remarks relate to Messrs. Cox and 
Wilcox’s paper. In the circuit at the top right-hand corner of 
Fig. 1, the conditions to be satisfied by the resistor are these: 
(a) it must be small enough to reduce the restriking voltage 
severity of the circuit materially for the first break, and (b) it 
must be large enough to reduce the current materially for the 
second break. The fact that these aims are simultaneously at¬ 
tainable is due to the very large disparity between the power fre¬ 
quency and the natural frequency of the circuit. To assess the 
effectiveness of a given resistance in satisfying condition (a), 
some criterion of severity is necessary; a simple and very easily 
calculable one is the crest voltage in a current chopping condi¬ 
tion, though others are possible. In Section 4, the authors point 
out that in the absence of any damping the value of that voltage 
is V(L/C) times the current which is chopped, if a resistance 
with negligible inductance is feasible, and the so-called critical 
value, i V(L/C) is used, the voltage is reduced to 37 % of /yXL/C). 
To get down to 22 %, half the critical resistance must be taken, 
and to get down to 12%, a quarter of it 

In designing such a resistor, it is essential to know how much 
>■ inductance is permissible in it; here it is of interest to note that 
critical damping is impossible if the inductance in the resistor is 
greater than one-eighth, 124%, of the inductance in the rest of 
the circuit. But it requires only a very simple argument to show 
that if the inductance of the resistor is as high as 124%, no re¬ 
sistance value that we can choose will enable us to get the voltage 
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below 33% of the undamped figure, which is a very modest re¬ 
duction. To reduce the severity still further the inductance of 
the resistor must be made much smaller. 

Dr. E. Billig: There is a definite need to test circuit-breakers 
with low capacitive and inductive currents, such as any breaker 
might be called upon to handle when disconnecting an unloaded 
. feeder or transformer. Voltage surges have often been reported 
in the past, the origin of which has not been definitely located, 
and which have somewhat vaguely been ascribed to “lightning.” 

The phenomenon of current chopping occurs in several fields 
of electrical engineering, whenever there is an arc in operation 
with the current falling to zero. In circuit-breaker operation a 
simple explanation of current chopping can be given (Fig. C). 



Fig. C 

Current is supplied from the system to the load through the 
system reactance L x . On opening the breaker an arc is drawn 
across its contacts which, as explained in the paper, becomes 
unstable just before passing through its natural zero. The 
sudden collapse of the current i in the reactance L\ would induce 
a very high voltage in it, but fortunately the current through the 
inductance can be maintained even after the switch has finally 
opened the main circuit, as it may return as a displacement 
current via the shunt capacitance C x of that part of the system 
which remains connected to the supply, thus starting an oscilla¬ 
tion between L x and Cj. The maximum voltage V to which the 
system may be charged arises when the whole energy stored in 
the inductance at the instant of current chopping, L { i 2 /2, has 
been transferred into the shunt capacitance as electric energy, 
C x V 2 /2. Hence V = i\/(L 1 ICi). This is the formula given in 
Section 4 of the paper. The statement that “the voltage varies 
directly us the current” is likely to be misunderstood; current 
and voltage are 90° out of phase, and the relationship given only 
applies to the crest values of current and voltage, and not to their 
instantaneous values, as for example in waves travelling on a 
transmission line. 

When the load involves a large reactance Z^, e.g. an open- 
circuited transformer, then again the current in that reactance 
cannot be broken suddenly, but will charge whatever shunt 
capacitance C 2 there is available across the load. Any surges 
thus created will not affect the supply side. The two oscillating 
circuits being bridged by the breaker, the voltage across it will 
be equal to the difference of the voltages induced in each induc¬ 
tance. Its-magnitude depends not only on the circuit constants, 
but also on the characteristics of the arc path. 

Regarding the magnitude of the chopped current, I have found 
by long experience with arc rectifiers, fuses and breakers, that an 
arc becomes xmstable when the current through it has dropped to 
abput 3 to 5 amp. For the tests recorded on pages 490 and 491, 
the value of the chopped current could easily be determined by 
dividing the voltage immediately before chopping by the ohmic 
value of the arc-shunting resistance. As this value is not given 
in the paper it had to be found from a close examination of the 
oscillograph records given. In view of the small scale, however, 
it would, be more satisfactory if the authors could state the value 
of the resistance used in the^ tests. As a result the critical 
current ^eetned to come approximately to the same value of 
| about 4 amp m ali five records on page 491. 


It is interesting that arcs under such widely different conditions, 
as obtain in oil or air-blast circuit-breakers, in cartridge fuses, 
and in mercury-arc rectifiers, should all become unstable at 
about the same value of current. This seems to point,to some 
fundamental feature in the mechanism of arcs generally. Ap¬ 
plied to the generation of surges, such a result would be useful 
as it would enable one to predict their magnitudes by multiplying: 
the chopped current by the surge impedance of the system in 
question. Mr. Cliff’s figures for surges of 25 and 60 kV observed, 
behind a transformer and a reactor respectively, seem to agree 
well with the surge impedance of 5 000 ohms usual for trans¬ 
formers and several times that figure for air-cored reactors. 

Mr. D. F. Amer: My comments are confined to the paper pre¬ 
sented by Messrs. Cox and Wilcox. 

The air consumption of outdoor air-blast circuit-breakers 
affects the capital cost of the circuit-breaker only, and has little 
or no bearing on the maintenance cost. In the 132-kV design 
shown, any economy in pipe sizes, valves, reservoirs, etc., .re¬ 
sulting from the reduction in air consumption, is in my opinion 
completely nullified by the addition of another switch-head, the 
resistance and the duplication of valves. 

Two resistance-switching arrangements are referred to, and it 
appears that a change in technique for service at 66 kV and 
above is necessitated by the low insulation limit which is inherent 
in the simpler 33-kV arrangement. Can the authors state whether 
this is correct? 

The design of the resistance is based upon a compromise 
between its thermal capacity and the minimum natural frequency 
to be controlled. In this respect are these arrangements to be 
tested at the more usual lower natural frequency to make sure of 
the breaking capacity? Is the resistance always switched m at 
the low natural frequency encountered in service? At 132 kV 
these values are certainly less than 1000 c/s and the voltage 
across the shunted head is determined by the degree of damping 
of the lowest natural frequency. At 220 kV these problems 
would be accentuated, and I should like to ask the authors if 
they propose to use resistances at this voltage. 

With regard to over-voltages caused by the action.of the 
circuit-breaker, I do not agree that impulse tests across the gaps 
will form a reliable indication of the maximum suppression peak 
voltage. The presence of ionized gases from the initial metallic 
arc and the subsequent capacitance discharge currents, as indi¬ 
cated by the multiple restriking in Fig. 3, considerably reduce 
the dielectric strength of the circuit-interrupting gaps. Tests 
indicate that this is of the order of 50 %. The prevention of 
serious over-voltages due to switching the charging currents of 
long lines can only be determined in the testing station in a 
negative way; that is, the circuit-breaker must not allow any 
restriking when interrupting a capacitive loading. No harmful 
over-voltages can then occur. In this respect the design shown 
does not differ from a circuit-breaker not fitted with resistances. 

Mr* A. M. Cassie: Messrs. Harle and Wild advocate'Yhe use 
of the R.R.R.V. in taking account of circuit severity. If we 
accept this criterion,• their treatment of restriking voltage in rela¬ 
tion to circuits in service and in testing stations leaves little more 
to be said. Tkotc is still, however, the question whether the 
R.R.R.V. is the best, or even an adequate, method of reckoning 

severity, v 

I should like to refer to the alternative method whicfe the 
authors mention, namely the severity factor deduced from the 
energy-balance theory. This is, of course, as much an over¬ 
simplification as the R.R.R.V., but even if, at the present time,* 
this formula must be regarded as merely another^mpirical means 
of relating circuit-breaker performance with circuit conditions, it 
is in no worse position than the R.R.R.V* In choosing between 
the two methods two tests can be applied. First, which gives 
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the more consistent results when applied over as wide a range as 
possible? For example, if in Fig. 6 of their paper, the energy- 
balance severity factor had been used in place of the R.R.R.V., 
would a unique curve still be obtained? Secondly, if there is 
nothing to choose between the two methods in respect of con¬ 
sistency, the choice would then be governed by the relative 
simplicity in application. In both these respects it would appear 
that the energy-balance factor has some advantages. 

There are, naturally, insufficient data in the paper to use the 
authors’ results for re-drawing Fig. 6 employing the energy- 


The subdivision of a high-voltage circuit-breaker into a number 
of units effects a corresponding reduction in both the amplitude 
and the R.R.R.V. at each nozzle. Thus the problem of dealing 
with high R.R.R.V.’s is solved, and it remains only to limit the 
peak voltage across each break. This can be done without de¬ 
parting from the optimum relationship of gap and nozzle 
diameter, by providing safety gaps suitably disposed. 

As an alternative to the elaboration of resistance switching,. 
Fig. E shows the general arrangement of a 132-kV air-blast 


balance factor. Similar results obtained by the E.R.A. suggest 
that the test of consistency certainly holds when the energy- 
^ balance factor is used. Nor does it lead to difficulties of the kind 
revealed by the discontinuities which occur in the 6-6-kV and 
11-kV curves of Fig. 11a. Such discontinuities are presumably 
due to the presence of two frequencies of approximately equal 
amplitude and would certainly not correspond to discontinuities 
in switch performance. 






Fig.D 


Fig. D shows another case where the two methods give dif¬ 
ferent answers. The restriking voltage, as specified by the 



authors, gives the same severity for the two circuits shown, 
whereas the energy-balance factor gives relative values of 78 and 
108. The details attached suggest that Case 2 would be more 
severe than Case R 

Applying the second test, the energy-balance factor is the result 
of a sirc^le arithmetical operation, whereas the R.R.R.V. in¬ 
volves drawing curves and tangents. The convention adopted 
in drawing these tangents might very well depend on the type of 
switch under consideration. The energy-balance factor suffers 
from the same disadvantage, namely that it is not a function of 
the circuit parameters alone. It may be that this difficulty is 
inherentin the problem and that it is impossible to avoid it; 

Allan?! fully support the advocacy of multi-breaks as 
a means of proving breaking capacities beyond the normal scope 
of testing stations. Unit testing is readily applicable to air-blast 
breakerswhichare divisible into units with similar performances. 
Given this, by proving the breaking capacity of the most highly- 
stressed unit and the ratio of the performance of one unit to that 
of the complete assembly, the breaking capacity of the whole 
switch can be deduced. 

Vol. 91, Part II. 


... />• . Fig.E j 

switch having a rating of 3 000 MVA. It comprises simply two 
single-nozzle cirpuit-breaker units, a current-transformer unit, 
and the customary series air-break switch. The air stream, 
flowing upwards from the blast-valve at the base, divides into two 
streams feeding the upper and lower nozzles. The two arcing 
chambers *are identical in construction, and the aerodynamic 
design of the passages is such that; the fate and amplitude of 
pressure rise in these chambers is the same. 55% of the voltage 
is distributed across one break, and due allowance is made for. 
this in unit testing. This breaker has been tested, single-phase, 
up to 3 200 amp at 114-kV recovery voltage, and 14000 amp at 
38-kV recovery voltage, on hblf theswitch: 
duration is 3 half-cycles, and the air consumption of the three- 
phase breaker is 135 ft 3 of free air per make-break operation. 
Tests made on a four-nozzle 132-kV breaker of similar design 
indicate that greater economy in air consumption can be achieved 
thereby, but the additional complication involved is of question¬ 
able value as at this voltage the consumption of the breaker is 
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not necessarily the deciding factor in the size of the air- 
compressor equipment, since this may be determined rather by 
the volume of air required for insulation maintenance. 

Mr. L. H. Black (< communicated ): The introduction of the air- 
blast circuit-breaker and the resulting prominence given to circuit 
severity seem to necessitate a more precise definition of the rate 
of rise of restriking voltage. Messrs. Harle and Wild mention 
that commonly used, namely (to give the definition rather more 
completely) “the slope bf the steepest tangent touching the re¬ 
striking voltage curve and passing through the origin.” This 
definition is usually adequate for single-frequency circuits, but 
may need qualification for multi-frequency circuits. In these 
circuits the restriking transient often contains component 
voltages of high frequency, but of small amplitude; such compo¬ 
nents, though they produce a high initial rate of rise, are relatively 
innocuous because of their low amplitude. It may therefore 
be advisable to ignore certain of the higher-frequency components 
when assessing the circuit severity. The authors presumably 
had this in mind during the preparation of Fig. 11a, when they 
. ignored the preliminary peaks having amplitudes below 80%. 

It would be interesting to hear what considerations led them 
to decide on this particular percentage, and whether they regard 
it as a suitable one to form the basis of a more exact definition 
of the rate of rise. 

If the 80% criterion were applied to the case discussed below, 
it would give a figure for circuit severity only one-fourteenth of 
that based on the initial rate of rise—which is mainly due to a 
high-frequency component of about 20%. Would the authors 
consider it advisable to neglect the effect of this relatively large 
component during the interval before a total amplitude of 80% 
was attained? 

In the actual case mentioned above, the plant consisted of a 
generator with earthed neutral supplying a step-up transformer 
via a 22-kV cable network, the transformer secondary being open- 
circuited. A 3-phase fault clear of earth at the transformer 
secondary terminals is assumed, and the following results are 
calculated for the first phase to clear: (a) initial R.R.R.V. due 
to 20*8% high-frequency component, 1350 V//xs; ( b ) R.R.R.V. 
based on tangent to first peak to exceed 80 % of recovery voltage 
peak, £3 V/fis. 

The"calculation was repeated for the second (and final) break, 
which was assumed to occur simultaneously on the remaining 
two phases. The results were: (c) initial R.R.R.V. due to 18* 8% 
high-frequency component, 1 730 V/jus; (d) R.R.R.V. based on 
tangent to first peak to exceed 80% of recovery voltage peak, 
135 V/jus. The above conditions occurred simultaneously at 
both of the final breaks. 

In .this particular instance, the R.R.R.V. at the final break is 
therefore appreciably greater than at the first break. Do the 
authors consider that the implications of this result might be 
realized in practice, and have they any test results indicating re¬ 
striking on the remaining two phases after the final opening of 
the first phase? The air-blast circuit breaker, being more 
affected by the R.R.R.V., might perhaps produce this condition, 
but its occurrence in an oil circuit-breaker would be unlikely. 
If such a condition were possible it would be necessary to modify 
the calculation of the circuit severity accordingly. 

Mr. C. E. R. Bruce (communicated )• Regarding the rating of 
circuit-breakers, one aspect of the relation between singled and 
three-phase testing, and of each to the worst fault conditions, 
has seldom been mentioned.* It is one in which the advantage 
lies distinctly with the gas-blast as opposed to the off circuit- 
breaker, since the former shows greater regularity of operafidn, 

• • . . > Bruce, C. E. R.: Journal L&E.,t94Q, 


and for the most part is developed and tested as a single-phase 
unit. , 

In a three-phase test, the voltage ruptured in the first phase to 
clear is 1*5 times phase voltage, but such a test is practically 
equivalent to making three single-phase tests at this voltage and 
selecting the shortest, the selection being made automatically by 
the circuit-breaker. In order to ensure, therefore, that the worst 
possible conditions of energy liberation have been met with in 
one phase of a three-phase test, the voltage would have to.be 
increased by a factor to cover this easing by selection, one which 
will vary according to the type of breaker tested. 

Although the variation in repeat tests in the gas-blast circuit- 
breaker is small, nevertheless Dr. Whitney showed that there ^ 
may be considerable variation in the energy liberated within the * 
range of one current loop. Now, in a three-phase test a zero 
passage usually occurs within about 60° from the start of arcing, 
whereas in a phase-phase test, and also in the fault conditions 
mentioned below, this first zero passage may occur only after a 
complete half-cycle or more in an asymmetrical test, so that here, 
too, the successful rupture of a three-phase short-circttit does not 
establish the breaker’s capacity to rupture the arc under all 
conditions. 

The fault conditions referred to above are those either between 
two phases and earth in a system having high neutral impedances,* 
or one across two phases when load current continues to flow in 
the third phase of a system with isolated neutral point. Under 
these conditions one pole has to break practically line voltage, 
as in a phase-phase test applied to only one pole of the breaker, 
and has therefore to break a voltage 15% greater .than that 
ruptured in the first phase to clear of a three-phase test. r 

Mr. J. R. Mortlock (communicated ): Having read both paper* 
and listened to the discussion it appears that: (a) some perturba¬ 
tion exists among, the designers of air-blast breakers on the score 
of restriking voltage severity; (b) there is no agreement yet in the 
validity of either of the two methods—energy balance or rate of 
rise—of assessing the severity; and (c) the determination of the 
restriking voltage transient by calculation cannot be more 
accurate than the assumptions made in assessing the circuit 
parameters; the more accurate the equivalent circuits used, the 
more laborious the evaluation. If simplified circuits are used, 
then some doubt must always exist as to the validity of the result. 

It is possible that when the method of assessment has been 
established beyond controversy and ample test data on the natural 
restriking transients of installations are available, severity factors, 
actually easements, may be agreed upon^ but until then the logical 
outcome is to design breakers which are independent of natural 
restriking transients. r 

In effect, the breaker is made independent of its location on 
any system, and of any arrangements of the system. Equally, 
the use of a breaker at any location must not introduce additional 
hazards to the system. Current suppression effects are now well 
known and recognized : their control can be but an advantage, 
and the paper by Messrs. Cox and Wilcox marks a notable step 
forward in this direction. 

Mr. J. J. O’Doherty (communicated ):The curves in Fig. 10 of 
the paper by Messrs. Harle and Wild are of considerable interest 
to users of circuit-breakers. Would the authors say if these 
curves include: (a) the effect of the magnetic energy " of trans¬ 
former in so far as this acts as an equivalent shfint resistance, or 
(b) the effect of commercial load? 

[The authors’ replies to the above discussion will bepfound on 
pages 506 and 507.] * 

* Biermanns, j.: “Hochleistungschalter ohneOI,” E.T.Z., 1930, 51, p. 299. 
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M?. A. R. Blandford: Whilst it is true that the behaviour of achieve satisfactory design, the complication would seem to ( be 


air-blasl; breakers is influenced more than oil breakers by 
R.R.R.V., it is important this feature be allocated to its proper 
place and not used as a reason for: (a) introducing complicated 
methods of determining the required service rating; ( b ) imposing 
unnecessary test severity; and (c) introducing what I would call 
“quality grading,” which is most undesirable. 

The maximum R.R.R.V. for any circuit-breaker location in a 
network can be easily predicted, and whether the breaker is of 
the air-blast or oil type, it can be readily arranged to meet the 
most severe conditions. Consideration of individual breakers is 
obviously undesirable, as these might during their life be trans¬ 
ferred to other parts of the system. Messrs. Harle and Wild 
advance suggestions for the standardization of air-blast circuit- 
breakers, and an interesting theory which, while not agreeing 
with the characteristic curves produced for the rate of recovery 
of the electric strength of an air-blast circuit-breaker, could use¬ 
fully form the basis for further consideration. 

There is need for a general survey of the circuit characteristics 
throughout the country, and the data published by the authors 
and others are not yet sufficiently comprehensive to enable switch- 
gear authorities to determine the necessary standards in order to 
relieve the#purchaser from having to concern himself with details 


quite unnecessary. 

Mr. K. J. R. Wilkinson: The definition of restriking voltage 
suggested by Messrs. Harle and Wild applies only to the limiting 
case of zero power factor, and it does not readily permit the 
defined characteristic to be measured. For these reasons I 
would submit the following amended definition: “The inherent 
restriking voltage of a circuit is that voltage transient which 
would appear between the contacts of a circuit-breaker, if 
stated current were instantaneously interrupted by it at current 
zero, in such manner that prior to interruption die arc offered 
zero impedance and after interruption, infinite impedance. This 
voltage transient may be taken as equal in time scale, and every¬ 
where proportional in amplitude, to that which would be con¬ 
tributed at the open breaker by injecting into the system a sine 
wave of current at power frequency, starting at a current zero.” 

In calculating the R.R.R.V. for cables (Section 11.2.1), the mul¬ 
tiplication of T5Z by difdt is appropriate only if no reflections 
occur, and it is advisable to compare this result with that obtained 
by assuming an equivalent lumped capacitance for the cables. 
Fig. F shows the calculated form of the first two reflections within 


Inductive 

Generator 


Cable Switch 


beyond those at present specified for oil circuit-breakers. 

In speaking on this paper in London, I referred to Fig. 4(c), 
curves 1 and 2, which I concluded had been produced for the 
sole purpose of showing the expected relationship of the R.R.R.V. 
at 10% and 100% duty cycles. I now understand that they are 
also^intended to indicate actual values of R.R.R.V. at which an 
air-blast circuit-breaker might be expected to give satisfactory 
performance. If this is correct, then the authors’ figures are 
widely different from test results obtained on other designs. 

It is gratifying to see the authors have developed a new defini¬ 
tion for the R.R.R.V., which definition I criticized in my recent 
paper. Presumably they still refer to this characteristic as a “re¬ 
striking voltage” to comply with the existing B.S. nomenclature. 
Actually, it is not a restriking voltage at arc extinction, but is the 
transient of the recovery voltage and, as such, should be defined 
as the R.R. Recovery V. The oscillograms shown on the screen 
indicate that it forms part of the same trace as the normal fre¬ 
quency, which is, therefore, one with the normal transient 
voltage. v 

In Section 4.3, the statement that resistance switching is practi¬ 
cally essential for heavy-duty lower-voltage breakers, should, I 
think, b^ qualified by “lower-voltage breakers of the axial-blast 
type,” as all types of air-blast circuit-breakers do not necessarily 
possess the same characteristics in this respect. 

Messrs. Cox and Wilcox in putting forward a design of air- 
blast circuit-breaker for 132 kV, 2 500 MVA, are, I believe, the 
first W consider resistance switching to be necessary at this 
voltage and rating. Air-blast circuit-breakers for these higji- 
voltages and, ratings have been in service on the Continent for 
some 15 ( years; andin Anaerica for 2 years; while in this country 
33-kV breakers have been in service for 5 years, and 66-kV 
breakers for 2 years, all without resistance switching. At these 
voltages the natural frequencies are generally very much reduced, 
and«tvhilst agreeing with the authors that resistance switching will 
damp peak over-voltages, test and experience have proved that it 
is quite possible, without undue stressing of the; system insulation, 
- to provide satisfactory, safe, and economic air-blast circuit- 
brdakbrs withoqf resistors for 66 and 132 kV. The authors state 
resistols also serve the purpose of improving the rating of the 
circuit-breakers. This is quite true, but as it is possible with an 
tair consumption comparable with that used by the authors to 


11 KV 30000 KVA 



5 miles of cable, when a single-phase fault is interrupted; this 
illustrates the mechanism by which a cable “transforms” into a 
capacitor. 

Employing a resistor, Messrs. Cox and Wilcox.encourage the 
air-blast breaker itself to limit possible over-voltages during 
interruption. The practical desirability of a fixed resistor might 
appear to conflict with the need to serve wide ranges of system 
impedance, but this is largely compensated by the tendency for 
over-voltages to occur at light currents by chopping; by its 
nature, this involves only the more local system quantities and 
so demands a proportionately limited resistance range. 

Fig. 3 of the paper is said to illustrate current chopping, but I 
feet it is more likely that the current—here formed of discon¬ 
tinuous sparks probably reaching some hundreds of amperes— 
extinguishes each time naturally by the discharge of a local 
capacitor, and this effect should therefore be distinguished from 
current of normal amplitude chopped by switch action. Fig. 3 
more appropriately demonstrates “voltage chopping.” 

f? Surge impedance” has a definite meaning when applied to 
transmission lines or cables, but its application as in Section 4, 
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to \/(L/C) is to be deprecated. The impedance to transients of 
an L-C circuit is essentially variable with time; the surge impe¬ 
dance of a cable is constant. I have suggested* the impedance 
most relevant to current chopping phenomena be termed “crest 
impedance,” a circuit being said to haveZ ohms crest, in which 
Z volts crest appeared per unit-function ampere suppressed. 

Mr. L. Gosland: A standard method of calculating the effect 
of opening a given circuit is to consider the effect of applying to 
the system, between the circuit-breaker terminals, a current equal 
and opposite to that which would have flowed had the circuit 
not opened. Such a method defines the duty of a circuit-breaker 
in terms of a current and an impedance. In oil circuit-breakers 
only the power-frequency impedance need be considered; for air- 
blast breakers, the higher-frequency characteristics of the circuit 
have also to be taken into account, and the duty of such a circuit- 
breaker may be defined by stating the current it has to handle 
and two impedances, one the power-frequency impedance, and 
another related to the high-frequency characteristics of the 
network in which the circuit breaker is to operate. 

Provided the values obtained are properly interpreted and no 
inconsistencies arise, the precise manner in which a magnitude 
is assigned to the high-frequency impedance is immaterial. 
For example, the rates of rise of voltage used by Messrs. Harle 
and Wild may be translated into recovery impedances of so 
many ohms.f The use of the rate of rise of voltage, or any 
quantity depending directly upon it, as a measure of circuit 
severity, leads however to inconsistencies; and in this respect 
considerable advantage would be gained by translating the rates 
of rise of voltage used by these authors, into severity impedances 
defined by the energy equilibrium theory to which they refer in 
Section 3.2. 

The effects of using resistance switching oh the net circuit 
severity that the shunted head of the breaker has to deal with, 
can be assessed by considering the effects of the resistance con¬ 
nected in parallel with the severity impedance of the circuit: and 
a little consideration shows that, even if resistance switching is 
adopted, the severity of the testing circuit cannot be neglected 
completely. A degree of freedom is, however, conferred on 
testing authorities by the possibility of testing the shunted head 
with increased parallel resistance to compensate for any defi¬ 
ciency in the inherent severity of the test circuit. 


with the Marx rectifier using electrode arrangements similar to 
those shown in Messrs. Cox and Wilcox’s paper, have indicated 
the importance of proper design of the exhaust chambers m re¬ 
ducing the arc length and the excess heat generated. A^ong arc 
loop has a tendency to short-circuit itself in the looped portion 
and produce fluctuations in the total arc voltage, and while an 
arc may have all the appearance of being stable between the 
electrodes, the portions concealed in the exhaust system may be 
very ragged, and tend to produce conditions unfavourable to arc 
extinction by choking the air flow. Have the authors come to 
any conclusions on the relative influence of the total arc voltage, 
and the arc volts per cm in producing surges at arc extinction? 
The authors attribute the position of the breakdown of the 
electrode gap to variations in air density due to flow conditions, 
but I suggest that the sharp edges of the electrodes are also 
significant in this connection. 

With regard to impulse testing of electrode gaps, I have found 
that the impulse voltage required for certain breakdown is abput 
20% in excess of the minimum breakdown voltage for the gap. 
Since the surges produced by the extinction of the main arc are 
oscillatory, has a high-frequency testing voltage been considered 
as a possible alternative for testing the gap? Mention might be 
made of enhanced breakdown voltage produced by oil vapour 
from the compressed air. 

In Messrs. Harle and Wild’s paper, two dielectric recovery 
theories are mentioned. I suggest that the difference between 
the two is more apparent than real. My experience with rectifiers 
of the air-arc type has been that there is a practically instanta¬ 
neous recovery of the dielectric strength of the electrode gap up 
to 30 %, and recovery to 80 % follows within about 50 fxs. 

Mr. i. Christie: In the paper by Messrs. Cox and Wilcbx, I 
question the need for resistance switching at voltages above 
33 kV, and consider that multi-breaks, with suitable voltage 
limiting gaps, are as effective as resistors in preventing over¬ 
voltages. Unfortunately, at the lower voltages (11 and 33 kV) 
the gaps are so very small, and the duplication of breaks so ex¬ 
pensive, that resistance switching is preferred. 

At the higher voltages, using a convenient air pressure of, say, 
250 lb/in 2 , each break has a definite voltage limit. This necessi¬ 
tates at least two breaks for 132 kV. These breaks, if correctly 
designed, are of such dimensions that a consistent breakdown is 


The authors of both papers refer to the testing of single units 
which incorporate multiple series breaks. There is little doubt 
that, with parallel resistance of the order used by Messrs. Cox 
and Wilcox, the method they suggest is entirely adequate. When 
no parallel resistance is used, the method suggested by Messrs. 
Harle and Wilde appears to be a sound approach to the problem. 
Consideration should, however, be given to measuring the 
voltage distribution between breaks, on which the performance 
ratio is based, by means of tests at reduced voltage and full 
current, as well as at reduced current and full voltage as sug¬ 
gested. The magnitude of post-arc conductivity may well in¬ 
crease by 10 of 100 times over the range of extrapolation im¬ 
plied, and it should be given the chance of showing its worst 
effects by tests at full current. Capacitive impedances deter¬ 
mining voltage distribution between breaks are likely to- be of 
the order of 10 4 ohms per break at 

Sients concerned. Post-arc conductivity may well give impe¬ 
dances considerably higher than this, so that there is a fair chance 
that capacitance effects predominate, and that the method sug¬ 
gested is perfectly adequate. This is a poipt which could 
probably be decided byexperiment. 

Dr. W. G. Thompson: Experiments carried out 

an< ^*| eir Application to Short-time transient 
Circuit! Recovery Rates,” Electrical 

mgtmertnZ, 1935, $4, p. 530, 


obtained, thus preventing serious over-voltages. With multi¬ 
breaks it is possible to obtain satisfactory operation up to 
3 000MVA at 132 kV, without producing abnormal over¬ 
voltages, even when clearing magnetizing or charging currents. 
Therefore I find it difficult to understand why the authors have 
adopted resistance switching at this voltage with all its complica¬ 
tion and duplication. Theoretically, the authors have made out 
a good case for resistance switching, but from a practical point 
of view there is no evidence that it is necessary at the higher 
voltages at which the complications introduced by the use of 
resistors cannot, in my opinion, be justified. ^ 

Provided it is reasonable, the air consumption is not im¬ 
portant, as the amount of air used for the actual arc-quenching 
operation is small compared with that required for air con¬ 
ditioning, mad that lost through leakage.^ . : 

I agree with the authors as regards part-testing of circuit- 
breakers. With the non-resistor type this is only possible if the 
breaks are mechanically, electrically, and aerodynamimlly similar. 

It would be interesting to know what routine test the authors 
propose, to adopt in service for checking that the resistor is 
sound; what duty cycle the resistor will withstand; and what. 

Mr. C. J. CX Garrard: It is apparent from the papers and from 
the discussion that in adopting air-blast breakers rather than oil 
breakers we must reckon with many new problems which have 
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not troubled us liitherto. What do we expect in return? Let us thus effective where .high currents have to be broken whatever 

; comgare the two types. the recovery voltage. The over-ruling disadvantage of method (a) 

Regarding breaking capacity, service under onerous system- is that an independent blast and interrupter are required, as, for 

severity ^conditions, speed of operation, simplicity, size and cost, instance, in the authors’ design. It is therefore my belief that 

there is either no difference or the advantage is on the side of the upper MVA ranges, for which interrupters without resistance 

the oil circuit-breaker. From the point of general reliability and control become uneconomic, will be best dealt with by single¬ 
ease of maintenance, it is unlikely that the air-blast breaker will blast resistance interrupters and that their rating of 2 500 MVA 

I show any striking advantage, except perhaps for certain special at 132 kV will prove no exception to this rule. 

1 applications. There remains the question of fire-risk, on which Mr. J. S. Cliff: Unit testing is one 'bf the artifices which can 

I it may be observed that extremely few switchgear fires have been be adopted for testing air-blast circuit-breakers above the maxi- 

j due to oil in circuit-breakers, as distinct from oil or compound mum output of the test plant. It is reliable provided precautions 

in other parts of the gear. I riiake this comparison because I are taken to ensure that the voltage distribution across the breaks 

; think that our policy should not be influenced by exaggerated is accurately measured and controlled. Messrs. Harle and Wild 

ideas of the benefits to be obtained, at not inconsiderable trouble propose to measure this by means of the cathode-ray oscillograph, 

and expense, by abandoning a type of breaker that has given good The voltage distribution is controlled by the capacitance between 

service for many years. Yielding to fashion is as harmful in one the contacts and the parallel capacitance to earth. These have 

i way as is undue rigidity in another. very small values; hence if an oscillograph is connected across a 

The circumstances attending the use of circuit-breakers make it break, its capacity will affect the voltage distribution appreciably 

necessary to draw up a specification for air-blast circuit-breakers and give the wrong result, the possible error being large unless 

at a time*when the development of the art is scarcely far enough complicated corrections are made, 
i advanced. It is therefore all the more important to guard Messrs. Harle and Wild propose by the use of models to obtain 

against an excessively severe or complicated specification. Sug- the MVA/R.R.R.V. characteristics at values above those obtain- 

gestions such as those of Messrs. Cox and Wilcox should be re- able on the test plant. They lay down no laws for the dimensions 

- ' sisted, based as they are upon experience of current chopping of these, and in the present state of the art, I think they will find 

with one particular design of breaker, in a circuit whose impe- this impossible until very much more work has been done on 

dance consists almost wholly of lumped air-cored inductance, the electrical and aerodynamic theory of these circuit-breakers, 

such as rarely occurs in practice. The proposals of Messrs. It is clear from what the authors themselves say that many tests 

[• ' Harle and Wild for standard minimum rates of rise of restriking are necessary to prove fully an air-blast circuit-breaker, particu- 

l voltage appear to me to be too high. larly at high MVA ratings. To establish the MVA/R.R.R.V. 

In drawing up our specification we should not be blind to the curve alone will take several dozen tests at least, and since this 
m obvious fact that, on the Continent and all over the world, many curve represents the borderline between clearing and failing, the 

thousands of air-blast breakers are giving excellent service, replacements for contacts and arc chamber will be quite appre- 

.although they would not pass the tests suggested by the authors, ciable. The few tests specified in B.S.116, or the even shorter 

but have been designed and rated on the basis more of service series advocated by Messrs. Cox and Wilcox, will be quite inade- 

experience and site tests than of station tests. quate unless backed by considerable development testing. The 

I would like Messrs. Harle and Wild to explain more fully argument of these authors regarding current chopping by ♦ 

their idea of “performance ratio.” So far as I can see, their ex- air-blast circuit-breakers would have been much more com¬ 
pression for towards the end of Section 1 1.3.2, by substitution vincing if they could have proved that air-blast breakers were 

of previous expressions reduces, for example, to the statement: worse than oil circuit-breakers. That was not possible, so 

p n = j 4 t / 4 where n = 4. This simply means that the “per- apparently to raise this characteristic to the status of a real bogey 

t formance” of die breaker is equal to the product of an arbitrary they used air-core reactors to imitate the magnetizing current of 

current (j^) and the maximum R.R.R.V. (U 4 ) which can be ob- an iron-core transformer. This is not justified, as, owing to the 
tained in the test plant in conjunction with this current. Any inductance/time and damping characteristics of a true transformer, 

T usefulness that this statement may have depends upon I 4 U 4 re- the number and magnitude of the high-voltage peaks are reduced to 

maining constant over a wide range of J 4 ; to prove that this is negligible proportions. During 15 years’ operation of the Grid, in- 

the case involves us in testing the breaker according to present stances of flashover when switching-out transformers have been iri- 

orthodo* methods. significant and have caused no internal damage. Ifttaswereaseri- 

: V Mr. J. Grant : In their paper Messrs. Cox and Wilcox have ous menace it would be preferable to use a protective gap having 
correctly shown that there are two independent problems to be a closer sparkover range than 150-250 kV as shown in Fig. 6 . 
sqlved in the design of high-voltage air-blast circuit-breakers: I would not accept the authors’ rating of 2500 MVA at 

; (1) interruption of the full breaking capacity, and (2) suppression 132 kV on the basis of the tests put forward in Table L The full 

of ofSr-voltages. These two requirements, however, are so 100% symmetrical current of 11*5 kA was interrupted by two 

entirely different that the provision of two similar interrupters breaks at a recovery voltage of only 43 kV, which is equivalent 

for the two purposes would appear to be uneconomic, both in to 38% normal. No asymmetrical test duty is included. The 

i material and in the space occupied. authors rightly recommend unit-testing, and demonstrate that it 

Two methods of resistance switching are shown in the circuits is essential to base the final results upon the conditions obtaining 

; of Fig. 8 . It is stated that method (b% in which the same air for the least favourable arc gap. Why has the rating of 

| blast is employed in both main and resistance gaps, is most 2 500 MVA not been substantiated by unit tests? 

suitable up to 33-kV. No reason however is given v 

^ depends for consistent operation upon [The authors’ replies to the above discussion will be found 

: ionization carried over from the main to the resistance gap; it is on pages 506 and 507.} 
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THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSIONS 


Messrs. J. A. Harle and R. W. Wild (in reply): The discussion 
has brought out several points which were omitted from the 
paper owing to space limitations. It has centred on the air- 
blast breaker, with particular emphasis on the means essential for 
assessing reliably the severity of any circuit with respect to its 
influence on breaker performance. The importance of arriving 
at a satisfactory solution of this problem is fundamental to the 
industry if progress is to be made and confusion avoided. It is 
felt that if this aspect can be shorn of unnecessary refinements 
at least a tentative working basis for standardization will be 
possible. Suitable tables and charts can be embodied in the 
appropriate British Standard, if the method proposed for 
standardization is adopted. 

When a circuit has a single-frequency transient characteristic, 
it is readily assessed for severity and few difficulties arise in 
relating this severity to the performance of circuit-breakers. 
Difficulties of assessing circuit severity arise when double¬ 
frequency transients or other changes in characteristic result, such 
as reflections where long lines or cables are involved, which cause 
initial peaks of relatively low amplitude to be superimposed on a 
slower rising fundamental which reaches its maximum very much 
later. 

The practical problem of assessing the severity of these com¬ 
plex cases largely disappears if it is dealt with under the two 
heads of (1) testing stations and (2) systems. The reason for 
this will be appreciated when it is remembered that: 1 (a) double¬ 
frequency transients on testing-station circuits cover only a 
very limited range of circuit-breaker ratings. These could 
be assessed as indicated below. 1(6) reflections and other 
irregularities rarely arise; consequently it can be established 
by proving tests that a circuit-breaker can deal satisfactorily 
with a severity of an agreed maximum at its respective duty cycles. 

The only remaining problem is then the effective assessment of 
- severities on systems at breaker locations where line reflections 
may give rise to severities which should be taken , into account, 
in order to ensure that they do not exceed the severity for which 
the breaker is proved. The following points summarize the 
general position with respect to procedure for ensuring that all 
system severities fall within recognized maximum values, which 
can be readily assessed to permit reliable comparisons to be made: 
2(a) That severe system switching points, such as series reactors, 
are effectively controlled on the lines proposed in the paper; 
and 2(6) the presence of cables or overhead lines adjacent to the 
breaker generally constitutes an easement, but to assess cases 
up to 8 miles of overhead line and up to 4 miles of cable, the 
following procedure can be adopted: 

(i ) Overhead Lines: The rate of rise obtained from the main 
oscillation (i.e. ignoring any reflections) given by the inductance 
of the circuit oscillating with the total capacitance, tends to be 
low for the lower voltage circuits (below 33 kV). This is 
because an initial linear rise due to the surge impedance is not 
taken into account. An amount could be added to the rate of 
rise obtained for the main oscillation giving a resultant rate of 
rise as follows: 

,• Resultant rate of rise = 

where RRV m ..== rate, of rise of main oscillation 



Z = surge impedance of cable or line, 
l = length of cable or line, ; \- ^ 


v — velocity of propagation of electric waves on 
cable or line, i.e. 985 ft//xs for overhead lines, 
and 300 to 600 ft/jus for cables, 

£ = (1* 5 x 1*414 x rated voltage)/and 
i = short-circuit current in the cable or line. 

(ii) Cables: The severity for cables is much less than for over¬ 
head lines, but the above treatment is applicable for cable lengths 
up to 4 miles. When the initial peak due to the first reflection 
is attained in no more than 10 microseconds it can be ignored. 

If the procedure proposed in the paper for determining circuit 
severity is supplemented on the lines given above, satisfactory 
comparisons of the severity for particular breaker locations on 
any system with the circuit-breaker test data can readily be made 
with a satisfactory accuracy. 

Replies on specific points raised by individual speakers are 
given below. * 

Mr. Marshall: The authors are gratified to note that the three 
advantages gained by including relatively short lengths of cable 
justify the adoption of this method of severity control in cases 
likely to prove abnormal. 

Mr. Blandford: Mr. Blandford doubts the wisdom of our 
generalization that air-blast circuit-breakers without resis¬ 
tances have a characteristic limiting condition which con¬ 
forms to that of a rectangular hyperbola. Our researches on 
different types of air-blast circuit-breakers are confirmed by the 
published data of other experimenters which indicate that this 
law holds for both the cross-blast and axial-blast types. The 
rate-of-rise values quoted by Mr. Blandford give no indication 
as to whether they represent limiting conditions of performance; 
consequently, they are difficult to assess, as it is only by deter¬ 
mining the limiting conditions of rate of rise at the rated voltage for 
the percentage duty that gives such figures any real significance. 

That half a column devoted to plain-break circuit-breakers 
should be considered too generous is not supported by the 
position these breakers still hold in the industry. 

Fig. 4 shows the relative performance of the three different 
types of circuit-breakers operating on the same duty cycles and 
circuit severity. The air-blast figures represent the performance 
for a low nozzle pressure and small nozzle diameter selected in 
order to permit the limiting conditions to be reached within the 
test-circuit severity available. The curves typify the , general 
characteristics, but are not intended to represent production 
types generally as regards performance. This should be clear 
from Fig. 10 and Section 11.3. 

Mr. Blandford’s second impressions are generally more favour¬ 
able, although still cautious, on the question of our proposed 
standardization for proving air-blast breakers. We partly agree 
with his comments on certain heavy-duty lower-voltage breakers, 
as these types were in our mind at the time, but we consider 
that for air-blast designs it is a question of the performance 
standard required and of economic considerations. 

Dr, Whitney: We agree that it is important, when assessing 
performance, that a complete loop of arcing should be obtained 
after the contacts are fully separated; and would stress that 
arcing in excess of one complete loop does not necessarily mean 
that the circuit-breaker is about to fail. 

Mr, Flursckeim: The only objection to using a rfiaterial hSving 
a bent voltage/current characteristic is the fact that, although the 
initial transient voltage amplitude is reduced, the actual rate of 
rise isvery little^ infliienced;, this is a very important point as- 
it is the initial slope which determines a rertrike when 4hb 
amplitude exceeds a certain minimum. This is clearly demon¬ 
strated in the oscillograms of Fig. 8; otherwise, the adoption of 
such a resistance which was primarily developed for dealing with 
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transient voltagesns rather attractive. Confirmation is given by 
Mr. Flurscheim that the influence of rate of rise on performance 
deperStis upon the design and on the restriking-voltage waveform. 
This is tantamount to approval in principle, leaving the question 
of interpretation of severity to some agreed standard method. 

Mr. McNeill: The question of double-frequencies had, like other 
aspects of the subject, to be somewhat summarily dismissed 
owing to space restrictions. If the service conditions are care¬ 
fully considered it will be seen that the actual range of gear 
likely to be influenced by double-frequency transients is very 
limited, and as suggested should present little difficulty if con¬ 
sidered by the authorities with a view to standardization. While 
we contend that the 80% minimum initial peak offers a simple 
* and satisfactory assessment, it lacks precision in that it causes 
discontinuity in station and system characteristic curves. 

As testing-station circuits usually change progressively as re- 
gards rate of rise when carrying out proving tests for a given 
machine connection, it might be preferable to assess severity by 
using a rate of rise deduced from an equivalent frequency cor¬ 
rected for.damping. This frequency could be determined from: 
/. = [001ad h f h ]/[l + (20/a) 3 ] + [001bd,f t ]/[l + (20 lb) 3 ] 

where/*,// are the high and low frequencies; d h di the damping 
factors; and a, b the percentage amplitudes. 

The rate of rise would then be given by U = 4* 55 X E x f e , 
where E isjhe 50-c/s peak recovery voltage. This would avoid 
any discontinuity in the rate-of-rise characteristic (for a circuit 
in which the series reactance is the only variable), which results 
if peaks below a given amplitude are ignored, and eliminates 
any possible difficulty in obtaining agreement on the minimum 
initial peak to be ignored at the cost of a little more compli- 
caticti. 

* The performance factor can only be determined for any multi¬ 
break circuit-breaker by many tests in the vicinity of failure for 
each stage of a cascade arrangement. The falling-off in the perfor¬ 
mance ratio with increasing stages of cascading is to be expected 
from a purely physical aspect and is due to : (a) the progressive 
falling-off in voltage distribution with increase in series units 
(corrected for in Section 11.3.1), and (b) differences in deionizing 

speeds over, say, the first 100 microseconds following a zero pause 

for the different breaks, and any other unknown differences. 

Mr. Trencham: It is doubtful if the characteristic curve ever 
becomes asymptotic in practice or in test, since other physical 
factors enter at these stages. Where an adequate rate-of-rise 
characteristic can be provided for a given MV A breaker, and in 
consequence resistance switching is not necessary, the adequate 
proving of the breaker characteristic must be accomplished 
whether the R.R.R.V. is used in the rating or not. Also, where 
resistance switching is adopted the proving that the resistance 
value is correctly selected for the nozzle conditions and rating 
oyer an appreciable rate-of-rise range is essential, for a resistance 
can be selected that just eases the test circuit sufficiently to get the 
designrto pass the test condition without necessarily ensuring 
that the resistance has made* the breaker suitable for universal 
application. ':••• 

Mr. Black: Transient peaks having less than 80 % amplitude 
are ignored by certain American engineers on grounds pf sim¬ 
plicity. Our experience indicates no apparent influence on air- 
blast breaker performance for values below 50 %. A better 
interpretation /or double-frequency cases is given in our reply 
■ to Mr. McNeill and puts the low-amplitudohigh-frequency oscil¬ 
lations in better perspective without ignoring them. This pre¬ 
serves continuity and is more nearly related to the generally 
accepted assessment of the single-frequency transient The 
final clearance by the two breaks of a three-phase fault is normally 
equally shared by the breaks; consequently the severity per break 
is much reduced. ' 'V 


Mr. O'Doherty: The curves of Fig. 10 typify the inherent normal 
maximum values for* transformers without any parallel loading. 

Mr. Cassie: We agree that the rate-of-rise theory does not cover 
all circuit conditions with the same simplicity as it does a single- 
frequency circuit, but we feel that to adopt the energy-balance 
theory would be to introduce a further complication in the 
circuit-breaker constant K. The range of values that this “con¬ 
stant” may have is not known, but is probably between 10 4 and 
10 5 for the different types of breaker,, in existence. Such dif¬ 
ferences cannot be conducive to an accurate assessment of circuit 
severity; the severity of the multi-frequency case can be reliably 
assessed on the basis of either frequency or rate of rise. Fig. D 
gives an interesting example, but is unfortunately not supported by * 
any test results and leaves the matter unproved. 

Mr. Bruce: The probability of a three-phase test being easier 
than a single-phase test applies also to certain oil circuit-breakers 
fitted with arc-control devices when operating at maximum effi¬ 
ciency. Since in nearly every case these breakers are developed 
as single-phase units and an adequate number of tests is usually 
carried out to ensure that the worst possible condition with 
respect to “arc-energy liberation” has been obtained, the 
severity in this respect is normally in excess of the probable 
three-phase test severity; this applies also to normal service con¬ 
ditions. Furthermore, the easements in recovery voltage recog¬ 
nized in B.S.116, Part 2, and the very satisfactory performance 
in service of breakers so proved, demonstrate the adequacy of a 
three-phase test for air-blast circuit-breakers at or equivalent to 
100% recovery voltage. 

Mr. Gosland: The apparent anomaly referred to in the rate-of- 
rise theory with regard to multi-frequency transients can be 
overcome by the. method proposed to Mr. McNeill. The energy- 
balance theory, while an admirable attempt to find a solution 
from quite a different approach, is probably more ambiguous 
than the rate-of-rise theory in its application of assessing circuit 
severity with the various types of air-blast circuit-breakers. 

Dr. Thompson: The experience with the Marx rectifier would 
appear to be generally analogous to that with air-blast breakers, * 
and, if the characteristic of an instantaneous gain of 30% of 
dielectric strength can be proved for air-blast breakers, it would 
be further justifiable to ignore the very high-frequency transients 
with relatively small amplitudes in assessing circuit severity. 

Mr. Garrard: The performance ratio is determined experi¬ 
mentally from correctly proportioned models for identical break¬ 
ing units when arranged as series elements with the appropriate 
voltage-control feature. The limiting conditions of performance 
at voltages proportional to the number of breaks is given by : 
P 1 = I t U h . P 2 = W 2 , ^3 = hU z , and P 4 = W t, and the 
ratios P 2 X 2 IP 1 m 9 P^IPxlOO and P 4 Z 4 /Pi 100 will be found to 
fall off with each additional stage as the difficulty of balancing 
the breaks electrically and aerodynamically increases. Conse¬ 
quently, an accurate knowledge of this ratio is essential if such 
designs are to be correctly assessed for performance from tests 
on single breaks. From these experimental data the performance 
of multi-break circuit-breakers is determined in accordance with 
Section 11.3.2. . 

Mr. Cliff: We see no reason why model testing carried out in 
a scientific manner by research staffs on suitable model designs 
i cahnot be used, as^m^ experiencethe results have been fully 

supported by tests on fulhscaJe^ M Only 

scaled down to the extent necessary to enable them to be proved 
bn an existing testing station; hence the degree of extrapolation 
is restricted/ 1 

Messrs. H. E. Cox and T. W. Wilcox (w reply): Several con¬ 
tributors to the discussion question our conclusion that re¬ 
sistance switching is the most economical solution to the problem 
of high-breaking-capacity breakers for voltages above 33 kV. 
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Some support this scepticism by quoting their own experience 
in the testing of designs which do not include resistance switching. 
The suggestion is also made that the case for resistance switching 
is bolstered up by testing for current-chopping voltages on an 
artificial circuit using air-core reactors, and thus exaggerating the 
effect as. experienced in service. 

We made it clear in the paper that whether resistance switching 
is or is not justified depends entirely on the natural frequency of 
the restriking transient (sometimes expressed as R.R.R.V.) for 
which the breaker is designed. In view of the difficulty of 
assessing the maximum frequency which will occur in practice, we 
prefer, a type of breaker which is independent of the inherent 
natural frequency of the circuit. Should the R.R.R.V. ? s be 
limited to figures as suggested in Fig, 10(a) of the paper by 
Messrs. Harle and Wild, our experience would suggest that re¬ 
sistance switching would be unnecessary. Are such low values 
justified, however, when building for the future? The time has 
already arrived when the short-circuit current of 132-kV circuits 
has to be limited by reactors, and this trend will be accelerated 
as 264-kV or higher-voltage trunk lines become superimposed 
'on the existing 132-kV systems. A much better appreciation of 
the position would be gained if the results mentioned for the 
breakers without resistance switching had been accompanied by 
the R.R.R.V. data. 

There is a statistical or chance quality about the occurrence of 
flashover caused by current chopping, because many chance 
happenings have to occur simultaneously for the worst voltages 
to be experienced. Thus, a suitable combination of circuits has 
to coincide with maximum air pressure on the breaker, maximum * 
electrical strength of the gap (itself obeying statistical laws), and 
final rupture waiting until the contacts are fully open. This ex¬ 
plains the rare occurrence of troubles as reported by Mr. Marshall 


WILCOX * 

c 

and Mr. Garrard. It is for this reason that We suggest first of 
all making the test conditions more onerous than those usually 
met in practice, and that the test shall be carried out at thelnaxi- 
mum pressure and twenty times in succession. Surely the rarity 
of the happening in service makes a thorough understanding of 
the problem more essential. Continuity of service demands the 
complete elimination of all such statistical happenings, and not 
the adoption of the comfortable philosophy which neglects con¬ 
sideration of the rare occurrence until it actually happens. 

It is further suggested that the resistance is unjustified as re¬ 
sistance switching apparently effects no saving in air consumption 
at 2 500-MVA and 132-kV. Surely it is sufficient justification 
that the addition of resistance switching enables a breaker to be 
made that is independent of natural frequency and yet requires ' 
no more air than one which has a distinct (and unspecified) limit. 

Mr. Amer and Mr. Grant raise the question of the two forms 
of resistance switching shown in Fig. 8 (a) and (b) and request 
further information as to why (b) is claimed as more suitable 
for 33-kV and below, and (a) for above 66-kV. Gap No. 2 of 
scheme (b) is situated in the downstream side of gap No. 4 and con¬ 
sequently is at approximately atmosphericpressure. It thus requires 
a much larger gap spacing than gap No. 1. At 66 kV and above, 
the spacing becomes so large, and hence the air velocity so low, that 
not only is the design too bulky, but also the arc may fail to clear. 

Mr. Amer and Mr. Christie raise questions on the ^design and 
testing of the resistors. The resistance value used is so low that 
even the lowest natural frequency found in service is more than 
critically damped, and there is thus no need to test at these low 
frequencies. The resistor does not always cut-in in situations 
where the breaker can deal with the circuit without its help. If 
the resistance is required it must cut-in, but if it is not required 
it may or may not cut-in. 


Table A 

Schedule of Break Tests 


Test number 

• 

Test quantities 

Performance times 

• 

1 Equivalent 3-phase rating 

Breaking current 

Phase recovery 
voltage kV 

Arc duration in sec X 10~ 2 

Total break time in c/s 

Line recovery 
voltage kV 

Symm. MVA 
at 132 kV 

Symm. kA 

Asym. kA 

Shunted arc 

■ Resistor arc 

Shunted arc 

Resistor arc 

124 

125 

6-72 

6-78 

6-72 

Tr 

6-72 

6-85 
6-72 

STS ON Top B 

61*4 

60*5 

60*5 

REAK WITH B( 

11 

0*68 

1*6 

dttom Break 

0*56 

0*54 

Short-Circui 

2*9 

2*7 

3*3 

TED 

3*2 

3*0 

142 

140 

140 

1530 

1 550 

4 530 

127 

128 

130 

9 30 
9-86 
101 

9*30 

9-86 

10*2 

48*0 

48*0 

48*0 

0*73 

1*0 

1*1 

0*58 

0*44 

0*56 

2*9 

3*0 

3*0 

3*2 

3*2 

3*3 

111 

111 

111 

2130 

2 260 

2 310 

134 

135 

136 

122 

123 

11-7 

11*7 

11*9 

7-17 

6*78 

7-05 

11-7 

11-7 

12*0 

Test 

6-85 
"•V 7*05 

46*4 

46*4 

47-1 

rs on Bottom 

61*4 

;^-6t*4 ; - ‘ 

1*9 

1*1 

M 

Break with 

! ; ! "l-i 

0*45 

0*61 

0*51 

Top Break 

€-56 

- 0-63 .:> 

0*49 

3*4 

3-0 

3*0 

jlHORT-ClRCUn 

I ... ;2*9 

Sri 

2*8 

3*6 

3*3 * 
3*2 

. : 3*4 

3*1 

107 

107 

109 

142 '* 
142 

142 

' 

2 €70 

2 670 

2 720 

1 640 
- 1550 

161ft 

131 

132 

133 

9-86 

9*70 

9; 70 

9-86 

9-70 

9-70 

48*0 

47*1 

48 * 0 • 

M 

0*96 
l-tf ; 

0*58 

0 52 

0*58 

2*9. 

: ; 2*b 

2*9 

3*2 

' 3*1 ■ 

109 

111 

2220 . 

2 220 £ 

137 v 

138 v 

1 v 139 

$ ' * ■ , ■. . ■. 

it -9 

12-1 

||| 

V'v 

32'0 

■ 12-1 ?.*; 

47*1 

46*4 

46*4 

0-22. 

1-5 ’ 
0-29 

L.''\ y- •'■■■ • 

•• 1*6 

0*58 

r> - 16 

2*6 

• :• :3<2 • . 

2*7 

3*4 

* ’. .3 * 5 * 

3*5 

109 o 

107 

2720 

t-mwm m-- 

2 720 . r 
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The resistor tan easily be checked in service by means of a pulse generator and a staff skilled in its use were available. It is 
Wheatstone bridge, whenever the breaker is overhauled. Each probable that more consistent breakdown values would have 
resfetor is designed to carry but three make-and-break operations been obtained with the oscillating voltages. Mr. Forrest sug- 

in quick succession based on T5 times leg voltage applied, gests that the inconsistencies shown were due to some faulty 

Within 15 min the resistor would be in a condition to repeat such testing technique and that further investigation would have re- 
a duty cycle. moved them. It must be remembered that the arrangement used 

We do not believe that resistance switching is required on is ideal for demonstrating the essentially statistical or chancenature 

breakers for 220-kV and higher, unless the rating exceeds of breakdown, because the voltage is applied only for a short time 

3 500 MVA. and the gap is completely shielded from photo-electric irradiation. 

Mr. McNeill and Mr. Flurscheim mention resistance switching Mr. Forrest’s suggestion of irradiating the gap by radium would 

using non-linear resistors. Such resistors, while they control probably have resulted in much more consistent results, 

current-chopping voltages and may reduce the first peak of there- The suggested modifications to the breaking-capacity testing 
covery transient, have a very small effect in reducing the R.R.R.V. clauses of B.S. 116 are questioned on two grounds. Mr. 

over the critical range and thus in rendering the breaker inde- Flurscheim claims that the background of development testing is 

pendent of the natural frequency of the circuit. They can also the real guarantee and that a specification cannot hope to cover 

be very valuable in controlling voltage division across the series all the possibilities, whilst Mr. Garrard believes that our sug- 

breaks of multi-break breakers. We envisage a line of breakers gestions are based on experience with only one design. In fact, 

where the lower breaking capacities are catered for by units these are based on theoretical reasoning supported by actual 

without resistance switching, the middle breaking capacities by testing of many types of air-blast breaker. Although we agree 

units with non-linear switching resistors, and the higher breaking with Mr. Flurscheim that a very comprehensive background of 

capacities by units with linear switching resistors as described in testing is indispensable, we still believe that every endeavour 

the paper. should be made to devise a specification which proves as many 

Mr. McNeill and Mr. Amer disagree with the contention that of the possible causes of failure as is reasonable, 
the gap is completely de-ionized by the time the first transient Mr. Forrest deplores the large number of insulators between 
voltage peak is reached. It must be remembered that our tests live parts and earth, and stresses the necessity for adequate 
have been confined to mushroom nozzles of the type described creepage distance. We fully agree that this is necessary. Up to 
in the paper, in which both arc roots are swept into the down- the present we have had no experience of the use of leaky glazes, 
stream side of the nozzles and in which only a very small amount but consider this a most promising development, 
of air on the upstream side is “seen” by the arc (due to the We are in complete agreement with Mr. Bruce, who makes a 
shielding effect of the electrodes). For such an arrangement a plea for single-phase as against three-phase testing, and also with 
very close agreement has been found between the maximum value Dr. Whitney’s argument for ensuring that tests in which final break- 

of the first peak of the restriking transient after final clearing and ing occurs with less than one half-cycle of arcing be discounted, 
the electric strength as found by our method. Mr. Cliff points out that, whilst the paper describes a method 

In connection with the impulse tests for finding the electric of unit testing, such testing was not included in Table 1. This 
strength of the gap. Dr. Thompson asks whether oscillating has since been remedied and the test results given in Table A 
voltages have been considered instead of impulse voltages. Such have been obtained. The fact that the tests were not taken up. 
voltages were considered and were discarded only because the to the full current and voltage required by the rating of2 500 MVA 
apparatus for generating them was not to hand, whereas an im- and 132 kV is due entirely to test-plant limitations. 


DISCUSSION ON 

“THE FUTURE OF THE DOMESTIC WIRING INSTALLATION”* 

MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 6lH MARCH, 1944 

Mr. 1J. L. Morland: Where the cost of a complete electrical I have found that a 2-kW water heater in the average copper 
installation of a house , before the war probably amounted to cylinder provides sufficient hot water in most ordinary houses, 
approximately 2 % to 3 % of the value of the house, I hope that Why do the authors suggest a 3-kW unit which adds 50 % to the 
in the post-war period the figure will not fallbeiow at least 10 %. load? 7 7 

As most of the houses under review are comparatively small, it Space heating can take many forms, such as inset fires and dis- 
WOutfTbe interesting to know Whether Government planning and persed heaters, but in whichever form it may be installed, I think 
housing authorities are prepared to equip houses in the all- the aim should be for the heater to be fixed and not removable 
electric sense and provide alternative heating arrangements. so that its use is encouraged on all cold and chilly days, thus 

I am surprised the authors do not devote more space to the tending to improve the load factor. . 

electric cooker, for which there was an ever-growing demand In the matter of universal sockets, the authors see^no need for 
before the war. On the question of the choice of cooker, I 15-amp plugs; but a plug which under perfect conditions does its 
agree that it is not possible" to dictate to a tenant, but on one job, when utilized to connect a radiator used for long hours 
muiJicipal estate of 1 568 houses, 1501 of the tenants freely chose may often develop trouble by heating, whether the plug be fiat or 

electric cookers on hire or hire purchase, 58 chose gas cookers, round pin. I have long felt that careful consideration still 

leaving 9 using neither. Also 1401 chose electric* washboilers, requires to be directed to this problem, 

in preference to the gas boiler provided free as a house fixture. , Will the authors explain how, with -single-pole fusing, the 
^%sd figmes sJ|o^ the insistence of the housewife to cook and neutral wire is protected against excess energy in the event of 
wash with the aid of electricity. an outside fault connecting it to a live pole? 

. \ Regarding the system of wiring, where the skirting board 

*90?Part n, p y 453)?* JACKS ° N ’ W ' * WoaD * °‘ SMnH and E * jAC0BX 886 1943 ‘ method of installation is adopted the question of metallic con- 
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duit does not arise as compound-insulated 9ables can be used, 
but in flats with concrete floors it may be necessary to use some 
form of conduit. I would like to know the type of insulation the 
authors would recommend for the drawn-in cables. 

I agree that the minimum sizes of service cable should not be 
less than 0 025 in, but I am concerned with services which are 
of 0-035 in section, many being fully loaded and others likely 
to be so in the future. I do not at present agree with the pro¬ 
vision of a three-phase supply for ordinary domestic consumers. 

I think prepayment meters should be discouraged in view of 
their first cost and the amount of maintenance involved. A scale 
of charge can be instituted for publicly- and possibly privately- 
owned houses whereby the tenant pays a fixed sum per week, 
collected with the rent, a debit or credit being given at the end 
of the quarter. This scale enables the consumer to obtain 
practically all the advantages of a prepayment meter. I think 
standardization of meter-case sizes is also urgently required. 

* It has been proposed to provide access to the meter from 
inside and outside the house, but where undertakings still find it 
necessary to fix prepayment meters I am afraid endless disputes 
would result, unless the collector took the coins from the meter 
in the presence of the consumer. The problem of rebate also 
arises. This suggestion has obvious advantages where meter 
dials alone have to be read. 

One self-contained service unit has been designed to contain 
the apparatus described by the authors, and which including the 
meter and coin box occupies a wall space of approximately 
20 in by 13 in. This is considerably less than the area indicated 
in the diagram. 

It may not always be desirable for an undertaking to bear the 
cost of rising mains in large blocks of buildings. The highway 
authority does not bear the cost of the staircases, or in many 
cases the cost of staircase lighting. But I agree that the supply 
undertaking should install these rising mains subject to a suitable 
financial arrangement with the owners of the property. 

, Part 2 of the paper is entitled “The Distant View,” but a 
year has gone by since the paper was written and many ideas 
Which were then new are now taking shape. For instance, in 
the use of fuses, I think a case can be made for the protection 
of ring mains by fuses or circuit-breakers, each appliance being 
teed off and suitably protected, according to its load, by a fuse 
or circuit-breaker so that if the main fuse or circuit-breaker 
operates it is a simple matter for the layman to clear the ring and 
try in a new fuse or his main circuit-breaker and then the ap¬ 
pliances one at a time. This will quickly show where the trouble 
lies, -v - ■ ' 

At the end of the paper the training of another type of tech¬ 
nician is suggested, apparently to provide liaison between the 
architect and the electrical engineer. But surely there are and will 
always be electrical engineers specializing in domestic installa¬ 
tions who will be able to convince the architect that he must 
design a house to take aU the various components which together 
go to form a modern and efficient installation. To bring this 
about, we must show the public how a house should be built in 
order to make proper provision for the housing of the electric 
installations which we should be ready to provide. : 

Mr. E. J. Mulholland: With regard to the use of specially con¬ 
structed skirting boards for carrying the proposed ring main for 
power plugs, could not this idea be adapted for old houses as 
well? With the co-operation of the builder the existing skirting 
boards could be removed, and then refixed with screws after the 
cables had been inserted. ■: ^ 4 '.. 

The provision of a conduit to the kitchen; from 
position should be a recognized feature in every house, but I 
suggest that the cables also should be inserted mi 
cuit be isolated and controlled by a circuit-breakerVwfli ah earlfc 


leakage trip. The kitchen in every house is likely to be the one 
room in which most of the domestic electrical apparatus will be 
used, making it essential therefore that some foolproof method 
of clearing faults should be adopted. f 

In the authors’ sketch of a combined service unit, the inooming; 
cables pass first to the switch terminals. In my experience, this, 
is bad practice, as some means of isolating the complete unit is. 
essential. I think a load of three watts per square foot of floor 
space is rather high for the average house; at this rating each 
room would have at least one 300-watt lamp. 

Very little mention is made of fluorescent lighting in the paper. 
In view of the advances made in America, we can surely expect 
British manufacturers to produce some very attractive designs in 
the post-war years. 

Most persons in the electrical industry when thinking of the 
future, hold the view that the house or building should be built 
for the services it is planned to contain. I suggest that con¬ 
sideration be given to the possibility of constructing a house with 
all rooms connected to a central rising duct, which could contain 
all the services and which could also serve as a ventilator. This 
idea might be expanded to give air-conditioning and space¬ 
heating as well. 

One of the most urgent matters is that current regulations be 
brought into line with the requirements outlined in this paper. 
Until this is done no appreciable advance can be m^de. The 
use of light-gauge conduit and grip fittings laid in concrete is not 
considered good practice in the North. In my opinion, nothing 
but a first-class screwed-conduit job will stand up to the severe 
conditions met in the erection of reinforced-concrete structures. 
Even on surface work, light-gauge conduit if subject to a damp 
atmosphere does not compare with a screwed-conduit job, because 
of the extra thickness of metal. Lastly, in the matter of con¬ 
tinuity, light gauge can give as good a contact as screwed, but it 
requires extra care, for if a cut is made a little short, the inclina¬ 
tion is to steal a bit from each end and thereby lose a certain 
amount of surface contact. The success of a job depends 
entirely on good workmanship and supervision. 

Mr. T. S. Parkinson: I very much regret that the Architects’ 
Association is not represented at this meeting, because I feel 
that this paper would certainly give architects much food for 
thought. 

I doubt the authors’ statement that few, if any, houses are 
wired for lighting only. Quite recently, some have been built in 
the country without being wired at all; gas only was installed, 
even though an electricity supply was close at hand. Just before 
the war, prospective builders were putting up houses without 
even one power plug being installed. Also, if builders wished to 
cut the cost of a house, the first thing pared was the electrical 
installation. 

I agree with the authors that two or three plugs should be in¬ 
stalled in all rooms, and if no more, the conduits for cookers and 
water-heater. But I do not agree with installing lO-amp^lugs 
only. I still like the 5-amp plug for small apparatus, mid the 
well-tried 15-amp plug for all other purposes, an arrangement 
which avoids trouble from undue beating. 

Have the authors compared the cost of a house wired by the 
new and the old methods, because the figure of £2 difference in 
the paper seems very small? Also', it must have been a very 
small house or flat to be wired for £10. In my opinion^ the 
pre-war builder allowed approximately 2 % for the electrical 
installation of the house, this figure being totally inadequate for 
installing proper and sound equipment In fact, I cpnsider 
legislation should be enacted compellmg builders to install proper 
equipment in the first instance. 

I am pleased that the authors take up the question of switching, 
asin nfy opm have to retrace his steps to 
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switch the light *‘on” or “off.” The switch should always be 
one step in advance. 

Tlie authors have done well in the design of the kitchen equip¬ 
ment, which should be of undoubted value to architects. 

Prefabricated skirting boards are an excellent solution, in my 
opinion, for wiring houses. It would be excellent if all mains 
of a house were placed in or as part of a moulded-Bakelite skirting 
board. This question also should be tackled at once, as other¬ 
wise skirting boards may be taken up by either the gas or water 
departments. 

The new service equipment is almost past the stage of discussion 
and is now more or less in the manufacturers’ hands. I think 
that after the war we will have a standard design for service 
equipment for all houses. 

Mr. D. Williams: Before the war, the installation of houses 
was more or less settled by economic factors, namely the cost of 
installation against selling points. I think that after the war 
economic conditions will be very much more stringent, and with 
the number of houses that will have to be put up the equipment 
which will go in will tend to be limited. The question of selling 
points will not arise, so that the idea of putting a large number 
of plugs in a house will have to be much modified. 

Another point is the question of putting three plugs round the 
skirting board of a room. This is rather a temptation to young 
children. * 

Mr. R. Lonsdale: I am sorry the authors have not taken their 
paper a stage further and given some indication as to how such 
post-war schemes are to be applied. One of the chief problems 
in the past in connection with installations on new estates has 
been to persuade the builders to embody even a minimum elec- 
t trical installation. In the future I think it will be necessary to 
impose compulsory specifications for electrical installations; if 
this is not possible, the public should be educated to demand 
the proper electrical facilities. 

I feel that the authors’ suggestions for kitchen equipment 
suffer from the same objections as others which have recently 
appeared, namely, they are far too elaborate and costly for the 
type of house which will be in demand after the war. In de¬ 
signing a kitchen layout I feel that the primary considerations 
should be: (a) a really good cooker preferably of a standard 
type, the hob to be provided with at least two boiling-plates; 
(b) a means of providing hot water over the sink; a lj-gallon 
thermal storage heater would meet these requirements, but with 
a slight modification of the heater to provide in addition small 
quantities of boiling water for making tea, etc.; and (c) a means 


of an all-in tariff, which I feel is our best hope for future de¬ 
velopment. 

Mr. W. A. Hatch: What percentage of flats do the authors- 
visualize in the housing schemes referred to? As many of the 
schemes will be very comprehensive, has district heating been 
considered? 

In Part 1, Section 9, reference is made to one circuit for 
cooker and water-heater. It is conceivable that both these ap¬ 
pliances might be in use simultaneously, with a load of 10 kW. 
Has any provision been included for a drying cabinet, which is 
an essential accessory in the humid conditions of the North? 

Unless very close supervision is exercised, grip-jointed conduit 
will eventually be a source of continuity trouble, a point empha¬ 
sized in Part 2, Section 2.1. In the system advocated, how would 
a break in the continuity be rectified? On the grounds of safety, 
it seems expedient to include a separate earth wire, especially for 
the kitchen where there will be so much earthed metal and so 
many portable appliances. 

From past experience with conduit partly or wholly embedded 
in concrete, it would be well to specify that there must be no 
breeze, or similar contamination, used in its composition, in 
order to avoid corrosion troubles. 

With the number of plugs advocated, and bearing in mind the 
size of the rooms, which will undoubtedly have some built-in 
furniture, it should not be necessary to consider serious altera¬ 
tions, as the positions will be fixed automatically. For lighting, 
one central, general light should be fixed in each room, and 
portable fittings used to supplement the lighting of, say, dressing 
tables, etc. 

In Part 2, Section 3, the assumption of 1-5 watts/ft 3 for 
space heating makes 2 kW for the living room of the house 
with a floor area of 800 ft 2 , as mentioned by the authors, seem 
inadequate; first because the volume will probably be over 
2 000 ft 3 , and secondly because of the undue time-lag in warming 
up. 

Mention is made of driving equipment for the refrigerator. It , 
is to be hoped that the silent non-drive type will be borne in 
mind and that the makers of this type may yet be brought back 
into the electrical fold. 

Mr. T. Makin: In Part 1, Section 7, water-heating control 
during the summer and winter months is mentioned. Pam sur¬ 
prised that previous speakers connected with supply authorities 
have not challenged the suggestion of “on” and “off” sealing. I 
think that to seal off the water-heating circuit completely during 
the winter period is an undue restriction on the consumer* and 
is detrimental to the future of domestic electrical development. 
Would hot superimposed controlled relays be better for this 


of food storage, such as a 3 to 5ft 3 refrigerator. I think these 

may be ^nsidered the primary requirements, as they are inare many valleys in the load curves of under- 
many fames daily wher^s nmchmes, Sdngs even in winter, which can be profitably filled up by 

etc., are only nseduccasnonal‘^f^cmfid wel be installed later wa J h ^ ting) and the use of suitable controls would enable the 

someTxtent by the type of building LtiSSchen equipment, the cooking oven could be improved 

•feel that m the past a fefash has been made of conduit systems.. ^ bot ^ helf 9 in> and placing the griiier-boiler unit 

on the right-hand side above the drawer or cupboard space. 
This would be very acceptable to housewives, as it would obviate 


Conduit has been installed in situations entirely unsuitable for 
this class of wiring. A very serious disadvantage of the conduit 
system when used in small property is the danger from fires due 
to fault currents being transmitted from conduit to gas pipes. 
I think that the ideal system for the smaller house is the t.r.s. or 
plastic cable Systems. I suggest that proper channels be pro¬ 
vided to accommodate the cables. A continuous insulated earth- 
continuity conductor should also be run from the various socket- 
• outlet points, switches, etc,, this conductor being connected to 


much stooping. 

Part 2 does not pay enough attention to the possibility of 
fluorescent lighting in the houses of the future. It seems a pity 
that no suggestion for the housing of the. necessary chokes has 
been made in the paper. 

[The authors do not desire to publish a specific reply to the 


a terminal block near the service position. The block in turn above discussion, the pomts raised havmg been covered, m the 
should* be bonded to the lead sheath of the supply cable. , main, in their replies to the discussion before the Installations 
I like very much the service-box arrangement which the Section (1943, 90, Part n, p. 466) and before several Centres 
authors suggest. Its use, of course, presupposes the adoption and Sub-Centres (1944, 91, Part IT, p. 418).] 











A NEW TYPE OF ELECTRON-OPTICAL VOLTMETER* 

By L. JACOB, M.Sc., Ph.D., Associate Member. 

{This paper was first received 3rd August, 1943, and in revised form 1 Zth February , 1944. It was read before the Measurements Section 

21 st April, 1944.) 

SUMMARY 

An electronic instrument is described for measuring peak voltages 
in the range of 2-20 kV, direct or alternating current, to an accuracy of 
3%. It has a low capacitance (9 cm) and can be used in some cir¬ 
cuits up to frequencies of 1 Mc/s or over. Its action is based on 
the proportionality theorem for a triode electron-optical system, in 
that the angle of the beam is defined by the ratio of two voltages: the 
anode voltage and the voltage of the modulator grid. The beam angle 
remains constant when both terms of this ratio are multiplied by the 
:same factor, the modulator bias voltage being directly proportional to 
the voltage to be measured when the latter is applied to the anode. 

A high voltage is thus measured in terms of a low voltage, the instru¬ 
ment constituting an electron-optical potentiometer. The range of 
measurement can be extended as desired. The same principle can also 
be applied to the construction of high-voltage tubes so that they act 
as their own voltage-measuring instruments. 



(1) INTRODUCTION 

Developments in electron optics have led to an investigation 
of the properties and characteristics of electron beams and of 
electron-optical systems generally. It was early realized that one 
of the fundamental laws of this branch of optics, namely that 
the trajectory of the electrons in any lens field depends only on 
the voltage ratio of that field, f could be employed with a reason¬ 
able degree of accuracy for the measurement of voltage, once 
the system had been calibrated. It was also demonstrated J that 
with the cathode-ray oscillograph an unknown voltage could be 
measured by observing the deflection produced on a beam of 
known velocity. Both these applications have been embodied 
in instruments, mainly for laboratory use, although the accuracy 
•obtained is not high unless very special precautions are taken. 

A property of the “immersion lens” can also be applied to the 
•same end. In this lens system, the beam angle at zero modulator 
bias is independent of the accelerating voltage* neglecting any 
initial velocity effects. Also, the beam angle at all accelerating 
voltages varies linearly with the modulator bias from zero at the 
suppression point, to the full beam angle when the modulator 
is at cathode (or zero) potential. '* 

The new voltmeter is based on an application of these two 
properties, and, theoretically at least, there appears to be no 
limit to the voltage which can be measured with it. The present 
rainge is, however, limited to between 2 and 20 kV, direct or 
alternating current. 

(2) THEORY OF THE INSTRUMENT 
An “imomersion” objective is shown in Fig. 1 and consists of 
an object (oxide cathode) C, a modulating electrode^ M and 
an accelerator A. It derives its name, by analogy, from the 
“■immersibn” objective of physical optics, in that the caflb 
immersed in and forms part of the lens field. The electrons 
♦enter the field with very small velocities; there they are accelerated 
and emerge as a beam through the aperture in the modulator M, 
ultimately reaching, the anode, which if coated with fluorescent 
powder defines the beam diameter d at the screen. 

«Section paper. Communication from the staff of the Research 
nc Company, Limited, England. "••••< 

p.582. *- 

Si . ientS ' 2R, p. 161 , 


The angle of the beam is determined by dll , and since /, the dis¬ 
tance from the crossover to the screen, is for all practical purposes 
fixed, the diameter d alone determines the angle of the beam. 
d is found to vary linearly with variations in the potential dif¬ 
ference between M and the cathode. The modulator M acts in 
some ways as an iris diaphragm, as it varies both trie electron 
flux which passes through to the screen, and the beam angle. It 
does not generally act as a “stop,” since the beam diameter may 
be much narrower than the diameter of the aperture through 
which the beam passes. 

The action of the modulator is best understood from the^eld 
distributions shown in Fig. 2. In (a), M is at cathode potential, 



Crossover ’ 

✓Image of cathode 


Anode 


M negative 


Anode 


GO (b) 

Fig. 2.—Field distribution of C/M/A system (diagrammatic). 





embraces the maximum area of cathode emission. The electrons 
leaving the surface of the cathode at all angles are focused by 
the field to form an image of the cathode in the region of the 
modulating electrode. This image is generally smaller than the 
original emitting area. Between the cathode and its image, the 
rays form the crossover which is normally much smaller than the 
cathode image. In the present instance, the rays mdiatinft/rom 
the crossover are not further focused, but travel rectilinearly to 
strike the graduated screen at the end of the tube. 

In tubes used for television purposes, these rays are again 
focused by a double-cylinder lens to form the small scanning 
spot on the screen. As this is usually an image of the crossover 
it is the smallest spot that, the tube will give. Whether the rays 
have passed through the crossover or are focused r into the^final 
spot, the maximum current density in the beam cannot exceed a 
theoretical limit which, according to Langmuir,f is given by : 

, S Pmax = RcatkiX + Ve/kT}^ $ ' • ... f 

where the final accelerating voltage, p the airrent density, e 
the,electronic charge, k Boltzmann's constant, T the absolute 
temperature of the cathode, and & the semi-angle of the beam. 

f Langmuir, 0. : Proceedings ef the Institute of Radio Engineers , 1937, 25, p. 977.' 
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This equation defines the limitations on current density at the 
crossover. At the cathode a limit is imposed by its life. 

Wfien the modulator is at the potential of the cathode, the 
voltage jatio thus being infinite, the electron trajectory shown in 
Fig. 2(a) passes through the crossover and defines the maximum 
beam angle. If the geometry and the configuration remain 
unaltered, the cardinal points of this lens system will remain 
fixed, irrespective of the voltage at the anode. 

If the potential on M is made negative with respect to the 
cathode, as in Fig. 2 (b\ the field distribution will alter with each 
new setting of M, because every variation of the voltage on M 
affects-the shape of the field on each side of M. Whereas when 
M is at cathode potential the zero equipotential line embraces 
the maximum area of cathode emission, when M becomes nega¬ 
tive with respect to the cathode this area contracts in proportion 
as. the negative bias is increased towards the cut-off value. At 
this point, the emitting area, and with it the beam angle, is 
practically zero. The voltage applied to M thus affords a means 
of controlling the angle of the beam. 

The condition jzf zero current, i.e. at cut-off, is given by # 
the ratio of anode volts E A to modulator volts E M , i.e. 
/x = — E a /E m . The cut-off point is then defined exclusively by 
this ratio, provided the geometrical relationships remain un¬ 
altered. This gives one of the methods of using the instrument. 

The beam angle can, however, be kept constant at any desired 
value by adjusting M for each value of the accelerating voltage, 
since in any three-electrode gun the simple proportionality 
theorem of the triode holds. 

An analysis of the equation for the electron trajectory in the 
electron-optical system, e.g. 

+ rV/2V 4 rV/4V ~ 0 


used to determine the modulation point at which the beam just 
begins to appear. 

The second method of using the instrument, which gives 
the more accurate results, is to keep the beam angle constant (not 
zero as at cut-off) at all accelerating voltages, i.e. by adjusting 
M. In Fig. 3, if OB = pO A, then DB = pCA, so that the 
voltage up from cut-off to give a constant beam angle a 
enables p to be determined, which in turn gives pV, the unknown 
voltage. The constant beam angle can be read from a scale 
engraved on the screen, or determined with the Faraday cage 
placed behind a slit which catches the “spill-over” of the beam 
defining the constant angle. 

A third method, which does not give such accurate results, 
keeps the modulation voltage constant and observes the variation 
of beam angle with accelerating voltage. 

(3) THE EXPERIMENTAL VOLTMETER 

The model voltmeter is shown in Fig. 4a and a diagram of 
the instrument in Fig. 4b. The “immersion” objective C/M/A 


I 



Fig. 4A.—Electron-optical voltmeter. 


shows that it is homogeneous, and that the height of the ray r at any 
point in the field depends on the potential V and its derivatives at 
the corresponding point on the z axis. Hence, if all electrode 
potentials be multiplied by the same factor, the path of the ray C/mfi-25.cold" 
will be unaffected, although the space-charge current will, as Mod j.q ho c le 
usual, increase in accordance with the f-power law; in other 
words, the beam angle will remain constant. This gives the 
second method for using the instrument. 

Fig. 3 shows the theoretical linear relationship between beam 
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Fig. 4B.—Experimental voltmeter. 



angle and modulation voltage for two different accelerating 
voltages V and /pK Following the fundamental principle, the 
two curves intersect at a point F representing the beam aengle dc^ 
when M = 0. Tins angle .ds constant and independent of the 
acciiferating voltagetinder these conditions. The .points A and 
B define the cut-off points for the beam at each voltage. Since 
OB = pOA, then if OA and V ate known, any voltage can be 
.measured. AtornearthecUt^offpOint, there isnegligible-curreirt 
fio^ fo disturb Jhe voltage source, and the measuring conditions 
are idSal. Very good and consistent visual observations of the 
cut-off point can be made the same observer. More tefined 
♦methods using a Faraday cage placed, behind the screen can be 


consists of an -oxide cathode surrounded by a modulator with 
1-mm aperture and an -anode cylinder, 37-mm diameter and 
60 mm long, mounted coaxially to it. The screen S of £-in 
copper is supported‘by three legs welded to the inside of anode A, 
and is placed 220 mm from M. fljt % engraved with squares of 
5 mm side and with a millimetre scale along one diameter, for 
use when working at constant beam angle. A fluorescent powder 
is embedded in the engraved lines and also 'spread over the four 
central squares for use in the cut-off method. A Faraday cage F 
with a slit 0* 25 mm wide is placed 20 mm from -the centre for 
/use in the “spilFoyer” r^^ 

llie whole accelerator-screen system is mounted on the copper 
tube forming the copper-glass seal at one end. A layer of 
graphite covers the glass wall from the centre of A past S, with 
a window cut opposite S to enable the base of the beam to be 
observed. The capacitance of the instrument is 8 **8 cm. 

The tube of the experimental voltmeter was baked-out using 
a 3-stage mercury-vapour pump, and the osdde^cathode flashed 
at 6 volts, d.e. at 50% overload, to ‘decompose die carbonated 
The electrodes ^were flegassed by eddy^urrerifc heating for 20 min. 
to remove surface gas. The .tube was then aged up to 35 kV 
" 'before "feringiHg down the getter and sealing *off from the pump. 
Thie modulation characteristic shown in Big. 5(a) was obtained 
<oa the sealedoff rthbe at’5;kV, where at M = *> is about 
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Table 


* 

Direct 

current 

Modulation 
voltage for 
constant a = 
0-095 r 

Ijb for constant 
oc= 0-095 r 

Average 
current 
density 
at source 

Expanded beam 
~ Normal beam 

kV 

V 

liA 

m A/cm 2 


3-53 

- 13 

112 

14*2 

1-0072 

5*0 

- 19 

190 

24-1 

1-0072 

7-05 

-25-5 

318 

40-4 

1-0072 

10-6 

-38 

585 

74-5 

1-0072 

14-1 

- 50 -5 

900 

114 

1-0072 

17-6 

- 63-5 

1 160 

148 

1-0072 

21-2 

- 76 

1 530 

195 

1-0072 


(5) VOLTMETER CALIBRATION 
The instrument is calibrated with a 50-c/s alternating current 
and Abraham electrostatic voltmeter connected to it in parallel. 
The measuring beam was generated at the 4-volt cathode, and 
the beam angle altered by varying the 240-volt direct-current 
(battery) supply across the modulator. 

Two methods of measurement were used: (a) a cut-off method, 
in which the suppression point of the beam, as judged by the 
disappearance of the fluorescent spot on the anode, was observed 
by reading the negative modulator voltage for each high voltage; 
and (b) 4he constant beam-width method in which M was ad¬ 
justed at each voltage until the diameter of the beam was constant 
or “spilled-over” into the Faraday cage. To avoid the effect of 


stray fields, the tube during calibration and subsequent measure¬ 
ments was completely enclosed in a Mumetal screen, except for 
a window. Both methods gave results in good agreement; 
readings were also satisfactorily reproducible. 

Fig. 6 shows that in method (a) the slope was about 7 volts 
modulation per kV applied and the cut-off point was constant 
to about 1 volt in all cases, i.e. the error is constant at about 
3 % at quarter full-scale. This places the instrument in the low- 
error class for high-voltage measurements. 

In method (b) the linear relationship expected was realized 
for two diameters of beam; in other words, if the bias is doubled, 
then the applied voltage must also be doubled to keep the beam 
width measured at the screen constant. In this method the 
accuracy depends on the method of detection; visual observation 
of the width of the beam gives an average accuracy of 5 %, while 
the “spill-over” method applied to the edge of the beam gives an 
accuracy within the 3 % limit. 

The instrument measures peak voltages only and gives no in¬ 
formation regarding the wave form. It can be used without 
appreciable error in certain circuits with frequencies up to 1 Mc/s, 
because even at the lowest anode voltage the transit time is only 
one hundredth of a cycle, and the instrument is thus free from the 
time lag which occurs with the standard spark gap. The 
instrument should prove very helpful in measuring rapidly 
fluctuating voltages of widely different wave forms, and where 
voltage values found with a spark gap are definitely known to be 
unreliable. 


DISCUSSION BEFORE THE MEASUREMENTS SECTION, 2IST APRIL, 1944 


Sir. L. C. Jesty: What appeals to me about the author’s device 
is that it is yet another application of the cathode-ray beam, as 
well as the extreme simplicity both of the design of the voltmeter 
and of the fundamental principles on which it is based. 

With regard to the electron-optical principles, has the author 
any evidence of the effect of space-charge, as described in 
Section 4.1, when current saturation is approached? It is clearly 
possible to design the tubes so that within the range in which 
they are used current saturation does not occur, the beam always . 
being fully space-charge-limited. On the other hand, if the tube 
is used, deliberately or accidentally, outside this range, I feel 
. that there must be some correction to be applied to the calibra¬ 
tion. For example, the diagram shown on the screen revealed 
the difference between the field in the immersion lens in the 
space-charge-limited and non-space-charge-limited conditions. 
That difference will obviously occur in operation, if the device 
is take- out of the space-charge-limited into the current-saturated 
condition; it will alter the focal length of the first lens and the 
focusing of the beam, and thus require some correction of the 
calibration. It would seem legitimate to use the device in that 
way, with suitable correction. 

MR A. Morris Thomas: I have considered the possible field of 
application of this instrument. First; it has to be calibrated, and 
therefore depends on the accuracy of the standard; in this respect 
it is not inferior to any other form of high-voltage peak voltmeter. 
Secondly, it is much superior in one important respect, in that a 
low-frequency calibration can be used for any operating frequency 
. up to 1 Mc/s. ■ vv 

Steveral forms of .high-voltage peak voltmeters are suitable 
for use allow frequencies and capable of fair accuracy. The 
best types are connected directly to the high-voltage source, the 
. most commonly used being the voltage-rectifier type and the 
cdrr^nt-rectificj type. The voltage-rectifier type is used v^thjy 
a capacitance voltage divider which requires careful design, 
while the current-rectifier type is used with a high-voltage capaci¬ 
tor, but does not, in general, function accurately if die waveform 


of the voltage has more than one peak. Both types give con¬ 
tinuous readings, this being an essential requirement for the 
majority of applications; moreover, their power consumption 
is usually insignificant. Also, they have the advantage of 
enabling measurements to be made remote from the h.v. con¬ 
ductors; in this respect the author’s instrument seems to be at 
a disadvantage, and as a continuous-reading instrument it has / 
rather a low accuracy. The author reports an accuracy of 5 %, 
but, according to the data given in the paper, with a circle 20 mm 
in diameter and the marks spaced at 1 mm the accuracy is' 
about 10%. * . ’’ v 

It seems that if such an instrument could be produced fairly 
cheaply it might be used for I f. work on grounds of compactness; 
but it is likely that its main application will be in the h.f. region, 
e.g. radio transmission and h.f. industrial heating. In these 
cases the l.f. form of high-voltage peak voltmeter becomes in¬ 
accurate, owing to stray capacitances and self-inductance. 

As far as I can see, however, the electron-optical voltmeter 
offers little advantage over the sealed-off type of ordinary 
cathode-ray oscillograph, except that the latter requires a capaci¬ 
tance voltage divider at high voltages, and therefore suffers 
from the inaccuracies at high frequencies already mentioned. 

On the other hand, as the author states^ it will not delineate the 
waveform. 

A use for this voltmeter might be found in the measurement 
of slow surges, such as occur on ignition systems. With these a 
crest voltmeter takes some time to charge up, and is therefore 
unsatisfactory, while an oscillograph involves photography. 
Would author therefore state the range of such slow surges 
which could probably be n^asured; ^ 

of his voltmeter is maintained throughout the life of the instru- 
ment, or how often recalibration is desirable? 

Dr. H. Moss: One point which occurs to me with regard to 
the use of this meter, of which we have had some experience in ^ 
research work is the lack of resolution on the circle obtained on 
the screen. I should have thought that the accuracy of measure- 
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ment was more of the order of 10% over quite appreciable ranges 
of the instrument, on account of the lack of definition at the 
edge of the circle. 

In our work we noticed another trouble which still lacks an 
explanation, namely that the image is frequently slightly ellip¬ 
tical. We found that the difference in the major and minor axes 
on certain types of instrument was about ±7%. 

Another feature giving some anxiety is the precise linearity of 
the law connecting the beam angle and the modulator voltage. 
We found that departure from this law was about 2 or 3 %. Per¬ 
haps the author can throw some light on this divergence. 

There is a type of electron-optical voltmeter to which I 
should like to refer, which operates on totally different prin¬ 
ciples. It has certain interesting features, and depends on 
electron diffraction. I did some work on this five or six years 
ago from the point of view of the engineer, not of the physicist, 
to whom the phenomenon is well known. Briefly, an electron 
beam has a dual nature. From one angle it may be regarded 
as a stream of charged particles, while when it reacts with thin 
films of matter it exhibits essentially a wave nature and the beams 
are diffracted in much the same way that X-rays are diffracted by 
much larger masses of matter. This phenomenon can be used 
to provide a very accurate form of electrometer. In my device 
the diffracting material was a colloidal film of graphite, through 
which a high-voltage beam was passed; on the exit side of the 
graphite there was a fluorescent screen on which the diffracted 
electrons appeared. The diameter of one particular ring, usually 
of Miller indices (110), is measured, and from this and the 
distance between the screen and the graphite diffracting material 
the wavelength of the associated wave train connected with the 
beam can be deduced. Then by applying some simple principles 

THE AUTHOR’S REPLY TO 


of wave mechanics the volt velocity of the electron beam can be 
determined. This method is truly absolute; and no assumptions 
other than that the fundamental law holds and that the crystal 
size of the graphite is known have to be made. It is purely for 
use with direct current and does not seem at all amenable to 
alternating current. I should like to hear the author’s opinion of 
this method of measurement. 

Mr. P. G. A. H. Voigt: When the author was demonstrating 
the instrument, he mentioned that it is rather tiring to the eyes. 
What I observed may not be what occurs under normal working 
conditions, but, as far as I could see, the target when illuminated 
was extremely bright, and would dazzle any close observer. 
This makes it very difficult to observe a very faint spot subse¬ 
quently. If this is the cause of the trouble, a photographic filter 
on a little flap placed in front of the target while the latter is 
brightly illuminated would cut out the dazzle. The filter could 
then be lifted and observations made until the spot just 
appeared. 

Prof. J. T. MacGregor-Morris: To me it is extraordinarily 
interesting to see the developments which have taken place in 
cathode-ray, measurement since I originally pioneered it in 1901, 
when a Wimshurst machine was used as a source of supply. 

The present instrument strikes me as being very simple. 
Several instruments are available for measuring up to 20 000 
volts. In the high-voltage laboratory at Queen Mary College, 
for example, Prof. John has had to measure voltages from 20 kV 
to 1 000 kV, and I should like to ask the author what propor¬ 
tions his apparatus would assume if it could be applied to these 
high voltages. How far is this instrument capable of measuring 
the maximum value of a single transient, where the transient falls 
to half value in, say, 50 jus? ^ 

THE ABOVE DISCUSSION 


Dr. L. Jacob (in reply): Mr. Jesty has raised an interesting 
point. While it is true that suitable design can ensure space- 
charge conditions, nevertheless the introduction of saturation 
might possibly necessitate a recalibration. 

In reply to Mr. Thomas, continuous reading is achieved by 
; observing the edge of the beam at a fixed modulation voltage. 
r As regards accuracy, the cut-off point can easily be obtained 
to 1 in 30, and the 21-mm circle shows an accuracy of 1 in 20 
when reading-off angles. Slow surges should be measureable over 
. the calibration range, which normally does not alter with time. 

* Provided the same edge of the beam is used throughout, the 
calibration will not be affected by assymmetry of the beam, and 
it should include the variations from strict linearity which Dr. 





Moss points out. The 7% variation mentioned by him may 
result from mechanical defects, as it is exceptionally high. The 
diffraction voltmeter which he has used is a tribute to his skill, 
but its failure on alternating current and the difficulty of inter¬ 
pretation exclude it from most commercial laboratories. 

Tpie use of a filter to relieve eye strain, as recommended by Mr. 
Voigt, can be helpful. Generally, however, it is not required in 
the cut-off method. As regards future design, a cascade system 
is indicated for 1 000 kV, which would be some 6 ft long. 

In reply to Prof. MacGregor-Morris, single transients could be 
measured, provided the transit time was considerably less than 
the time of build-up. Here, a suitable holding-off voltage might 
be necessary. - 





THE ELECTRICAL ASPECT OF FARM MECHANIZATION* 

By C. A. CAMERON BROWN, B.Sc., Associate Member.f 

{The paper was first received 9th November , 1943, and in revised form 9th February , 1944. It was read before //^'Installations Section 

13 th April , 1944.) 

SUMMARY (2) GENERAL TRENDS 


This paper has been prepared with the dual purpose of presenting 
to those interested, but not actively engaged, in rural electrification, a 
picture of the general development of electrical participation in farm 
processes, while at the same time offering a clearing-house of ideas for 
those actively engaged but whose interest is, for various reasons, 
localized. The main attention has been given to the less-common 
applications, to those which are the subject of some controversy, and 
to those which may appear to have a wider field of application in the 
future. Emphasis has been placed on trends rather than on facts and 
figures. * _ 

(1) INTRODUCTION 

The main reason for the outstanding war-time success of 
British agriculture has been the application of an extensive 
mechanization, the major part of which has been applied to field 
processes. 

In none of this major farm mechanization has electricity taken 
any part. It is indeed difficult to visualize, in the light of our 
present knowledge, a practicable type of electrically-driven field 
pov^r unit having the versatility required in war-time. It is per¬ 
haps to be regretted that there had not been developed a machine 
suitable at least for co-operative or contract working to under¬ 
take the heavier field work on a number of farms. In certain 
of our more highly electrified rural areas with connections on 
the 50% mark, such a service could have contributed something 
quite substantial to the reduction of the consumption of im¬ 
ported liquid fuel. 

Nevertheless the war conditions have brought about a greatly 
increased appreciation of the need for, and value of, good 
ancillary equipment in and around the farm buildings. Here 
electricity and electrical power have been in outstanding demand 
and have given very great service. Most of the old shibboleths 
of comparative fuel and Diesel-oil costs have disappeared, ease 
of handling, reliability and labour-saving being the overriding 
requirements which the farmer finds to be best met by elec¬ 
tricity. In the course of fairly wide inquiry over a wide range 
of both farm conditions and tariffs the author has found no 
indication whatsoever that the bargain is accompanied by 
running costs which the farmer considers to be unreasonable— 
on the contrary he has, more often than not, dismissed them as 
one Qitthe minor items of farm expenditure, as indeed they are. 
Even the bogy of the past—contributions towards cost of con¬ 
nection—rarely crops up as an obstacle, farmers now being 
generally willing, and apparently able, to pay costs which were 
once not given even a second consideration. 

It is not the purpose of this paper to make a case for the in¬ 
creased use of electricity on farms, but rather to present a survey 
as hgs been dond from time to time in the past, of the current 
practice in applying electricity to farm operations. It is pro¬ 
posed, too, to treat the applications critically and constructively, 
and in general to devote rather more space to certain promising 
Tines x>f applying electrical power which are in but the early 
stages 4 >f. development than to operations which are already well 
known and established. 
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(2.1) Extent of Use on Farms 

While it is not within the scope of this paper to examine the 
wider issues of rural electrification or to enter into discussions on 
the comparative degree of rural electrification in this country 
and in others, it is legitimate to take the opportunity of dis¬ 
pelling a misunderstanding as to the extent to which electricity 
is used on farms. 

It is surprisingly widely believed, and not entirely in lay circles, 
that the supply of electricity to farms is mainly a matter of the 
amenities—lighting and perhaps a radio set—and that little 
use is made of it in actual farm operations. This view was 
given somewhat surprising support 1 some time ago by a state¬ 
ment to the effect that “. . . electricity plays a negligible part in 
agriculture at the present time and is confined to lighting the 
farmhouses when they are adjacent to local supplies. There are, 
of course, isolated cases where farmers have utilized electricity to 
drive all their plant . . Such a statement is hardly compli¬ 
mentary either to rural supply engineers or to farmers. Un¬ 
fortunately, while it is a statement and a belief which any engineer 
connected with rural electricity supply knows well to be untrue, 
it is difficult to find statistics separated in a form which will 
enable it to be disproved. 

The author has, however, been fortunate in obtaining relevant 
figures from eight supply undertakings operating rural areas. 


Degree of Power Utilization on Farms. 
Figures from Eight Rural Areas* 


Area 

No. of farms 
connected 

No. of farms 
using motors 

No. of farm 
motors in use 

Total h.p. of 
farm motors 

* No. of 
electric 
sterilizers 

A 

701 

526 

808 


28 

B 

688 

444 

585 

'— 

107 

C 

937 

— 

657 

— 

■ 

D 

— 

166 

182 

— 

18 

E 

707 

602 

— 

2 810 

25 

F 

239 

204 

— 

808 

10 

G 

61 

33 

42 

• ■ 

6 

H 

800 

270 

818 

■ — 

60 


* Where no entry is made, separate statistics are not available. 


These are good areas, probably amongst the leaders in rural 
development in this country, but no apology is made for 
quoting them, since critics of our rural electrification invariably 
generalize on the worst cases here and refer to the best cases 
abroad. At the same time, the author has no reason to believe 
that these figures cannot be matched—if not, indeed, excelled— 
in several other areas, and he does not consider that ^he, average 
of all the areas in the country in respect of motors installed 
would be substantially lower. It may therefore he accepted that 
the majority of farms /fo make use of electricity for power 
purposes. •. ' 

(2. 2) Trend of Farm Power Developments 
The general tendency in the period between the two wars has 
5171 . 34 
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been in the direction of a reduced use of mechanical power in 
and about the farm buildings. This was largely due to a gradual 
diminution in the preparation of foodstuffs on the farm, the 
requirements for stock feeding being more easily met by pur¬ 
chasing ready-prepared rations of one kind or another. Such 
tendencies were symptomatic of a period of discouraged—if not, 
indeed, lazy—farming. 

There remained, nevertheless, a hard core of level-headed 
farmers who were not altogether lost to the tactical advantages 
attaching to absolute control over what was fed to their stock, 
and who also considered that it was more economical to make 
up the rations on the farm. By the late 1930’s this view had 
spread so that by the outbreak of the war there was a distinct 
and increasing tendency for farmers to resume home grinding. 
This did not, however, mean home growing, as most of the grain 
so ground was bought and many of the economies so effected 
were due to wise purchasing. The war, however, has altered 
the whole position and has added home growing to the urgent 
reasons for home grinding. Thus we see a widespread increase 
in demands for farm grinding equipment. 

The related processes of chaff-cutting and root-slicing have not 
regained their position in the same way. The feeding of hay, 
straw and even roots whole made headway during the between- 
period, and there is no sign of any appreciable tendency to revert 
to the machining processes. 

Threshing has, of course, lost something in prominence by the 
'advent and growth of the combine-harvesting process, which cuts 
and threshes in one operation on the field. It may not, however, 
have lost anything in value, as the increase of grain crops due to 
war-time ploughing is mainly on lands unsuited to combining 
and therefore contributes to the thresher’s load. As an elec¬ 
trical load, however, it has grown but little, if at all, during the 
war, partly because the compulsory decentralization of stocks 
favours field threshing and partly because the bulk of the 
threshers now being manufactured are travelling machines pro¬ 
vided for or on behalf of the Ministry of Agriculture. 

Combine-harvesting has, however, been accompanied—indeed 
only rendered possible—by the development of grain driers, 
which are now considered to be essential if combining is to be 
successfully carried out, even in the drier parts of the country. 
Electricity is recognized as being pre-eminently suitable for 
providing the motive power for all types of grain-drying plant, 
and an effort is invariably made to secure a supply for this pur¬ 
pose. Grass-drying has hardly lived up to the bright promises 
of its early days, but it is quite appreciably practised on a 
somewhat more moderate scale than the highly intensive 
processes once advocated; here again electrical power is always 
asked for. 

On the dairy farm, and in the dairy section of the mixed farm, 
a much brighter and more progressive note has been persistent 
throughout even the leanest period. Milking machines have been 
installed steadily and in spite of certain controversial episodes, 
and in war-time this has been accentuated to a degree only 
limited by lack of materials. Standards of hygiene have improved 
—largely under pressure from official sources, it must be ad¬ 
mitted—and because of its essential cleanliness electricity has 
been adopted for sterilizing and water-heating unless some over¬ 
riding factor has ruled it out. This, too, has been accelerated 
by war-time conditions, not, it must be admitted, so much ;oh 
solely hygienic grounds—standards appear to be somewhat re¬ 
laxed in this respect—as on account of labour-saving, and 
reliability as compared with coal supplies. : 

During the past 20 years there has been a welcome apd In¬ 
creasing appreciation of the value of an adequate water service, , 
and in no application has electrical operation, with its ppsst 
bifities of automatic control, appealed more* 


(2.3) Reactions of the Farmer' 

Farmers are traditionally conservative, and, if one may £udge 
by the sometimes unfortunate experiences of the comparative 
few who have been outstanding contradictions of this generaliza¬ 
tion, they could hardly be blamed for being so. It is, however, 
only a generalization and an exaggeration, and if farmers appear 
to be slow to accept new ideas it must be remembered that the 
standards and developments by which they must judge the 
practicability of a new idea are themselves long-term and slow- 
moving. Farmers have not, in general, been slow to adopt im¬ 
proved methods in their fields, once these have become demon¬ 
strably sound. 

They have, however, been slow to adopt labour-saving methods 
in and about the farmyard, and the philosophy with which the 
farmer will put up with cumbersome and slow manual operations 
always astonishes the engineering observer. Particularly sur¬ 
prising is the amount of sheer lifting which is done manually. 
In the past farmers have probably not considered that they were 
called on to make life more pleasant for their employees, but 
they must have received something in the nature of a° shock to 
find that man-power is most expensive. In a paper before the 
Royal Society of Arts 2 Bomford claimed that the cost of human 
power is 10s. per h.p.-hour, and showed that with even 1 h.p. at 
his disposal a man’s output can be increased 8 times. Wright, 3 
too, has stated that the future of agricultural mechanization lies 
in the direction of eliminating hand labour. The farmer’s re¬ 
ception of these ideas has been hastened by the war, by the 
shortage and rising cost of labour, and by the fact that some of 
the labour available—e.g. the Women’s Land Army—cannot 
tackle the heavy jobs once performed by men. In such ofrthis 
movement as applies to the multitude of operations round and 
about the farm buildings, electricity is the obvious medium and is 
recognized as such by all farmers who are fortunate in having a 
supply. 

There is no royal road to satisfying farmers’ requirements, 
which may—and often do—vary in different parts of the country, 
or indeed county, for what appear to be identical conditions. 
A case in illustration is grinding, where the provision of a 
standard machine is complicated by the demand for different 
types of output for the same class of feeding. 

(3) GENERAL OBSERVATIONS 
(3.1) Motors 

In spite of attempts from time to time to make a case to the 
contrary, there does not seem to be any call for a special “farm 
motor.” It is difficult to think of any power application on' 
the farm which cannot be met from the wide range of industrial 
motors. Only the simplest types are required, the ordinary 
protected type having shown itself capable of meeting, almost all 
farm conditions, although, of course, there are obvious jriaces, 
e.g. where water splashing is likely, where totally-enclosed types are 
necessary. The most universal enemy on the farm, however, is 
dust, and some engineers are chary of installing other than 
totally-enclosed motors for this reason. Danger from this cause 
is, however, overrated. Farm dust is comparatively innocuous 
compared with the dust found in mining and certain industrial 
processes, .and has little, if any, corrosive or abrasive qualities; 
the only potential danger is a possible complete blockage oT the 
working parts by . sheer weight of dust. Where, therefore, there 
is any need to economize on the installation there is generally no 
need to go to the extent of fitting totally-enclosed motors. r It is * 
not even essential in slip-ring motors but is absolutely necessary 
in motors incorporating brush-lifting devices. 

While the advantages of the polyphase motor are generally 
admitted; there is no longer the tendency to regard single-phase* 
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motors as a temporary expedient. Large parts of the country 
are mow almost entirely served by single-phase supply, and such 
undertakings as the North-Eastern, Wessex, Yorkshire Electric 
Power, "Mid-Cheshire and Dumfriesshire take almost any farm 
power requirements in their stride with single-phase supply. 
Manufacturers of farm power units must therefore be prepared 
to cater for either single- or three-phase supply. 

The idea, once prevalent, of using transportable motors to be 
taken from job to job has never developed far, and indeed it is 
practically dead. This is quite understandable. In the first 
place, the small motor, up to 5 h.p. or so, which can be trans¬ 
ported comparatively easily, is in fairly constant and daily 
demand for each job, and the farmer does not want to be faced 
with the trouble of frequent disconnection and transportation 
Also, farmers find that, the cost of motors being low in com¬ 
parison with that of their previous power units, the saving in 
capital outlay effected by using portable motors is not worth 
thfe inconvenience entailed. The G.E.C. Drumotor was pro¬ 
bably the most ingenious and notable attempt to simplify the 
problem’of the multi-purpose motor; had farmyards possessed 
smooth and clean paving there is little doubt that this motor 
would have done much to encourage the use of portable motors, 
but a few experiences of trundling the set through a muddy yard 
must have been very discouraging. There are not, however, the 
same objections to mounting very small motors—1 h.p. and 
below—in such a way that they can be bodily removed and 
temporarily remounted for short-period seasonal jobs (Fig. 1). 



Fig. 1.—Small motor on temporary mounting for driving potato sorter. 

There has been a rather stronger tendency to make use of the 
target motors for multi-purpose ends and to make them trans¬ 
portable. This enables the same 15- or 20-h.p. motor to be used 
for, say; silage cutting, threshing and log-sawjng, none of which 
need overlap, and each is an operation which can be carried 
through to a finish in a matter of a few weeks. On some farms 
where grinding is carried out only during winter the motor can 
be locked up on that job for the winter-months. 

Several make rs provide motors of tfye above sizes opa trans¬ 
portable chalsis, and this requires a tractor or horse to move it. : 
from place to place. For making an existing motor transport¬ 
able,however, there is nothing better in simplicity and effective- 
• nj^s,t&anMartin Harvey's idea. . . _ 

Thp Harveyi method has been devised in recognition of the 
fact that wheels are useful only in the actual moving of the set 
and that during the working of the motor they are just a nuisance., 
Tt consists in mounting the motor and control gear on, add 


across, two heavy baulks of timber so that the centre of gravity 
is near one end. Squares are cut in the under-side of each timber 
to locate a detachable square axle carrying two wheels, preferably 
rubber-tyred, and detachable handles are fitted. In this way 
one man—at most two—can wheel the outfit on any reasonably 
good surface. Having got the set approximately in position, 
the handle end is lifted until the other ends of the baulks rest 
on the ground and the chassis can be tilted clear of the axle,, 
which is then removed and the chassis returned to rest on the 
ground, where it forms a firm base (Fig, 2). 



Fig. 2.—Harvey conversion chassis for transporting heavy farm motors. 

(3.2) Cost of Working 

It is not proposed to deal with the economics, either absolute 
or comparative, of electrical operation, but a reader not closely, 
familiar with rural supply conditions will want to know the 
approximate cost per kWh of the various operations hereinafter 
mentioned. This, of course, varies in different supply areas, but 
the author is not aware of any farm tariff which does not allow 
an all-in average cost of lid. or less per kWh, including all 
charges, provided a reasonable use is made of the facilities 
available, to the extent, say, of 10-15s. per week in the form of 
revenue. Putting it another way, there are few, if any, rural 
areas in which there is not a two-part or equivalent tariff offering 
a running charge of Id. or less per kWh; id. per kWh is common 
and in some areas the rate is, or falls to, as low as id, 

(4) SPECIFIC APPLICATIONS 

In dealing with the specific applications of electricity to farming 
operations an obvious classification would be according to 
farming type. In the past, however, this has not beemfound to 
be simple, as there is so much overlapping of types. Classifica¬ 
tion here, therefore, is made on the basis of type of process. 

(4.1) Food-Preparing Machinery 

This is probably the most important and fundamental class of 
operation on the farm after the actual field operations. It covers 
the grinding, crushing and mixing "operations which go to the 
preparation of the requisite rations for feeding the fivestock on 
the farm. The amount to be handled will vary (according to 
the type of farm) from a few hundredweights a week to as many 
tons. \S;y,' ■/ 

(4.L1) Grinding Mills. 

The main operation .in the food-preparation class is the 
grinding of the whole grain into j^eal to be used as the basis of 
the ration. While the plate mi$bas given yeoman service in 
the past, and is still widely used; % can hardly^Beconsid^ed to 
be either an ideal engineering mechanism or, indeed, a really 
adequate machine for the job it is intended to do. It may be, 
indeed, that its drawbacks—limited range of grinding, trouble 
with plates, rule-of-thumb control—have contributed something 
towards the serious decline in farm grinding since 1918. Cer¬ 
tainly with the revival of grinding the more ^progressive farmers 
•;^re thinking in terms of the hammer mill, and, when supplies 
and circumstances permit, these are installed. 

The hammer mill has several advantages over the plate mill- 
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being both a better engineering proposition: and a more satis¬ 
factory grinding—perhaps, more correctly, disintegrating— 
machine. There have, however, been substantial obstacles in 
the way of extensive installation of hammer mills. Originally 
developed for drive by tractor, they are generally made in sizes 
requiring 15-20 h.p. to drive, and are expensive to buy; in pre¬ 
war days they cost upwards of £80. While smaller sizes have 
been made, down to 5 h.p. in one instance, they do not appear 
to have received much siipport. This is probably due to the 
fact that these mills were still operated on the lines of the older 
plate mills with a man standing by all the time, so that it behoved 
the farmer to have as high a rate of output as possible. While 
the high cost of the plant—a mill and motor very often cost as 
much as £150—deterred the majority of farmers from installing 
hammer mills, a sufficient number were being installed as to be, 
in many cases, embarrassing to supply undertakings, especially in 
war-time. The situation in single-phase areas was particularly 
difficult. 

The position of the hammer mill for farm-feed grinding has, 
however, been radically altered as a result of initiative and 
activity on the part of the electrical industry itself. As a result 
of experimental research carried out by the E.R.A., 4 with co¬ 
operation from the Oxford Agricultural Engineering Institute, 
Rothamsted, Reading University, the West of Scotland Agri¬ 
cultural College and the Midland Agricultural College, and with 
eventual support from the Ministry of Agriculture—but with 
strong opposition from the agricultural machinery industry—a 
hammer mill has been developed, and is now commercially 
available, which covers the whole range of farm grain-grinding 
requirements and has automatic, low-loaded and low-priced 
characteristics. It is driven by a 3-h.p. built-on motor, and auto¬ 
matic control is effected either on a quantity basis, for which a 
special automatic hopper is provided, or on a time basis, for 
which automatic time-control is used. The meal produced is 
blown by fan to receiving bins, from which it is taken as required. 
r A high degree of flexibility of installation is afforded, and the 
machine has been found capable of meeting the grain-grinding 
requirements of any class of farm; it \vill not grind straw and 
grass. It is being installed widely on farms, from those grinding 
only son^e 4-5 cwt a week to others handling 3-4 tons (Figs. 3 
and 4*). 

* Shown as a lantern slide. 



(4.1.2) Mixing Machines. 

One of the most laborious manual processes is the mixing of 
the various ingredients—meal, minerals, broken cake—which go 
to make up the ration for feeding stock. The introduction of a 
mixing machine on a farm can be regarded as one of the 
best ways of applying Bomford’s injunctions to “mechanize 
man.” 

There are two main types—the horizontal and the vertical (or 
geyser) type. The former consists of a metal vessel of trough¬ 
like shape with a horizontal shaft running its whole length and 
carrying skew-mounted blades. This is filled from the top, 
which is open, and emptied from a shutter-controlled opening 
in the bottom. The vertical type closely resembles a large oil 
drum with an open top but a bottom tapering to a shutter- 
controlled outlet. A vertical shaft, running from top to bottom 



Fig, 5.—Composite view of food-preparing machinery at " 
Rothamsted Farm. . 


Upper view: Top of mixer, showing direct-filling cnke-breaker and openmg for meal. „ 
Lower view: Automatic hamnier mill and draw-off from mixer. 
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of the chamber, carries an Archimedean screw along its entire 
length and of diameter equal to about one-third of that of the 
mifer. When the vertical mixer is full the rotating screw carries 
the m^al upwards to cascade outwards into the body of the mixer 
again (Fig. 5). Vertical mixers can also be obtained for filling 
from the bottom. 

Either type (horizontal or vertical) may be used for dry mixing, 
but for wet mixing, as with molasses, so common in the Lanca¬ 
shire poultry districts, the horizontal type is essential. Where 
the ingredients are fed from an upper floor so that the top of the 
mixer can be at floor level, either type is suitable, but where one 
floor only is available the vertical pattern fitted with a bottom 
loading device is of great advantage. 

Mixers are rated by the weight of mix they will take at a time, 
and they vary from 1 cwt to 20 cwt capacity. Mixing takes 
from 10 to 20 min per operation. Power requirements vary from 
2 to 20 h.p., the horizontal type requiring more power for the 
same capacity as the whole content is being moved at one time. 
A 10-cwt horizontal mixer will require 6 to 8 h.p., whilst the same 
size of vertical mixer will not need more than 4-5 h.p. For wet 
mixing, however, the power required for horizontal mixing has 
to be increased by 50-100%. Dry mixing uses 2-3 kWh/ton, 
and wet mixing 7-10 kWh/ton. 

(4.1.3) Layout of Food-Preparing Machinery. 

Much*of the convenience of individual labour-saving machines 
can be lost if they are not suitably placed in relation to one 
another. Where the amount of food preparing is considerable, 
as for a large dairy herd, it is well worth giving this aspect some 
thought. It is not practicable, farms being as they are, to lay 
d<*wn any standard pattern, but J. R. Moffatt’s placing of the 
food-preparing machinery at Rothamsted Farm might very well 
be taken as the basis of many new installations. 

Fig. 5 is composed of photographs of the various constituent 
items, and Fig. 6 shows the layout diagrammatically. The 



upper floor has the grain hoppers feeding the automatic low- 
power hammer mill on the ground floor which blows the meal 
into storage bins on the upper floor again. The openings from 
these bins are so placed as to enable the meal to be easily 
measured into the top opening of the vertical mixer. At the 
same time cattle cake, stored on the upper floor, is weighed and 
broken direct into the mixer, other smaller ingredients are added 
and the mixed ration is drawn off into sacks on the ground floor, 
these being stored in ration bins ready to be wheeled away. The 
whole of this work is carried out by a girl. Individual drive 
through V-ropes is used for each machine, the cake-breaking 
being done by a 2-h.p. motor and the mixing by a 5-h.p. motor. 

It still remains to make the Rothamsted layout fully '' 
mechanized by providing simple means for filling the grain 
hoppers from the main granary, and this problem is in hand. 

Another instance of the ingenious arrangement of machinery 
to eliminate intermediate handling can be quoted from a large 
Mid-Cheshire dairy farm. Catering for a large dairy herd, the 
shippens have been fitted throughout with an overhead-rail 
transporter system. The “vehicles” are suspended from wheels 
running on the lower flanges of an I-section rail and consist of tilt¬ 
ing trucks each holding about \ ton. These are used for distri¬ 
buting to the individual stalls the various feeding-stuffs, including 
sliced roots and the chopped stems of kale and other greenstuff. 
Normally these would be cut by machine, delivered on to the 
floor and thence shovelled into the trucks, but the manual labour 
thus involved has been reduced by a dual arrangement of root- 
cutter and silage cutter feeding direct into the trucks, and shown 
diagrammatically in Fig. 7. To effect this the overhead rail has 
been extended from the shippen into a food-preparing room. 
Kale fed to the silage cutter is blown through the vertical pipe¬ 
line through the upper floor to a deflector which guides the 
chopped greenstuff into a truck hanging from the rail in the 
ground-floor room. Beside the silage cutter is a rotary root- 
cleaner which delivers the cleaned roots to a simple band- 
and-pocket elevator by which they are carried up to the floor 
above and delivered into an ordinary root-slicer, from which in 
turn the slicings are dropped through a chute to a second truck 
behind the truck receiving the kale choppings. In this way two 
men, each feeding one machine, can fill both trucks simulta-, 
neously in a few minutes and can then proceed 1 to 'distribute. . 
One 11-h.p. motor drives both machines, the bulk of the power * 
being required for the silage cutter. 

(4.2) Threshing • 

During the 1920’s and 1930’s when British arable farming was 
in the doldrums there was naturally a substantial drop in 
threshing. Indeed some of the grain-growing which did flourish 
involved combine-harvesting and so required no stationary 
threshing. The revival of grain-growing with the war led to a 
demand for threshers, but practically the whole of the output 
of threshing mills has been devoted to providing travelling 
threshers for co-operative and contract threshing. This means 
that there will be for many years a large—and probably ample— 
number of travelling machines available for the threshing re¬ 
quirements of the country. There has been, too, a remarkable 
growth in the use of combine-harvesters. 

• It would s^em then that the prospect of any appreciable in-, 
crease & the iiumber of eleptrically-driven independent threshers 
is not bright. On the other hand, the author can vouch for a 
strong feeling of preference—especially by the younger farmers— 
for independence in the matter of threshing and attraction to¬ 
wards the idea of the completely mechanized and built-in plant. 
Tie ^ factor is the hijgh cost of the installation; and the m 
nature of the electrical load involved does not make it econo- 
j^cally attractive on a rural system. 
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Fig. 7.—Diagrammatic sketch of dual silage cutter and blower (a) and 
root-cutter (b) installed on a Mid-Cheshire farm. 

Imagine (A) just behind (a). Overhead rail V is Same as rail X but about 6 ft farther back. 


, There ' s * however, promise of a solution, more attractive to combustion gas 
both farmer and supply engineer, on the basis of a much smaller perature and t 
thresher. Although hardly known outside certain restricted and crude-oil burne 
comparatively local circles, there is available a range of small used, 
threshers With drums of 1 ft 6 in and upwards. With the ex- There are tw 
ception of the smallest, which turns out roughly-sorted grain horizontal type, 
tor use for stock-feeding only, they are available with 
complete sorting and cleaning apparatus turning out fully-graded (4.3.1 1) Vertic 
samples. The power required is naturally lower, from 3 h.p. in The general i 
the smallest- and simplest to 12 h.p. in the fully-equipped 3-ft a vertical “wall 

machine. Sufficient has been seen of these machines in action, steadily downw; 

some only partly mechanized, to justify a confident prediction be emptied at t 


encountered as compared "with the more 
usual 20-21 % in the South and East. (The 
safe “dry” storing moisture content is 
16 % in bags and 14 % in bulk.) Thpn pro¬ 
vision has to be made for taking the grain to 
be cleaned and bagged-off for transport. 

Elevator A1 * this can chan 8 e a basically simple process 

' —and, indeed, machine—into a most com¬ 

plicated and expensive layout. 

S '' The basic process is simply the blowing 

of heated air, and, later, cold air, through 
a layer of grain. If the various extras 
are not added, all the machines on the 
market can be run in this basic form. 
A few farmers have started operating in 
this simple way, but sooner or later they 
feel the need of a post-drying grain cleaner 
and sorter and this is added. Thus the 
. basic practical farm-drying plant consists of 
the basic drier plus cleaner and an -elevator 
:r (a) and for loading. 

farther back. Heating is generally provided by very 

simple—indeed crude—coke furnaces, the 
combustion gases being mixed with cold air to reduce the tem¬ 
perature and then blown through the grain. In some plants 
crude-oil burners are used, the combustion gases again being 
used. 

T . here are two main types of drier—the vertical type and the 


tw „ o a- ‘ - ’ . ii. pu.uiu.un uc emptied artne Dot tom; during its Dassa 

SK Anally cold air, is blown through the grain. 


be opiated by two men or women, with perhaps an occasional 
thircL The load, providing baling was not asked for, would be 
some 8 h.p. The price would be less than half of that of the 


(4.3.1.1) Vertical Driers. ° 

The general principle of the vertical drier is the provision of 
a vertical “wal1” of grain, some 4 to 6 in thick, which moves 
steadily downwards by gravity from a feeding point at the top to 
be emptied at the bottom; during its passage first hot air, and 


-reductionsin the cost of the whole equipment comprising the 
installation. 

. . _ . (4.3) Crop-Drying Plant 

(4.3.1) Grain Drying. 

* The early developments in combine-harvesting in this coimtry 
tended to reduce, by eliminating the threshing mill, a possible 
application of .electricity, but later developments have been in 
ffie other direction. It is now realized that, for successful com¬ 
bining in this country, facilities must be provided for drying 
the grain after .harvesting. Electricity is inherently and indis¬ 
putably the most suitable source of motive power for r unnin g 
drying plants. Thus for a possible lost outlet for electricity 
m threshing—after all, travelling threshers might have been 
hired—there is a definite gain in type and value of load for 


The leading makes of vertical drier, with their main charac¬ 
teristics, are: the Turner-Oxford, in which the grain forms two 
parallel walls on opposite sides of a rectangular central space 




Kemp and the Mather and Platt are similar; the Montgomery 
Lecoche has the wall of grain in the form of a cylinder, encircling 
the central space; in the Porteous the central space is square in 
plan, being enclosed by four grain-walls; the Goodall is of a 
circular type but the actual grain chamber is enclosed by con¬ 
centric cones, the lower pair being inverted and the base of the 
upper pair resting on the inverted base of the lower. Other dis¬ 
tinctive features are that while the grain is elevated mechanically 
in the others, it is done pneumatically in the Kennedy and Kemp- 
this takes rather more power but affords simplicity and flexi¬ 
bility. Again, in the Goodall drier the cooling is done in a 
separate section to which the grain is elevated from the“3ot 
section. Vertical driers take up comparatively little ground 
space and lend themselves to operation in banks in centralized 


*** Moreover, fc bytotag 

considered otherwise. ^ which he might not have hour, except the Mather and Platt which puts out 1 ton/hom. 


* J . -™ VTXIEVJU .UilttUt UUI. Xlcive 

considered otherwise. 

, requirements of a modem grain-drying plant are 


the removal of 5-6 % moisture from ngures cater tor driving the cleaner, although te is sorSe- 

combining to 


^ etaux uxiuicuicueiy alter 

combining. To this may be added, in practice, and in the more 
elaborate plant, temporary storing in “wet silos” before drying 
storing in dry silos” after drying, and re-circulation through 
# ™ e dners if the mitial. moisture content has been too high for 
S “ ope operation. This may often happen in 

the West and North where moisture contents of 25-30% are 


- . ’ —-~ * -wvw ..auvu VUl X UJU/UUUJU 

The power requirements are . roughly 6 h.p./ton/hour. These 
figures cater for driving the cleaner, although this is sorfie- 

/I A luVe 'a » _i A 1 _ 


elevators and conveyors are fitted, the power requirements may 
well be raised by as much as 5 h.p. The consumption of elec¬ 
tricity appears to vary from 6 to 10 kWh/ton dried (at 6% ex¬ 
traction), depending on whether the machine is run at or below 
capacity and on the elaboration of equipment. 

* Siwwa as rlantern slide* ^ 
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Fig. 9.—Horizontal grain-drier—conveyor type. 


(4*3.1.2) Horizontal Driers. 

In the horizontal driers the hot and cold air in turn is blown 
upwards through a layer of grain lying on sheets of perforated 
metal. In one type—the Ransomes-Davies conveyor drier—the 
layer of grain is kept moving forward over the perforated bottom 
by means of a scraper-conveyor, the process thus being con¬ 
tinuous (Fig. 9). 

In the other of the two well-known horizontal driers—the 
I.C.I.—the tray or batch principle is used. This drier is really 
a grass-drier, but by , replacing the large-mesh bottom sheets in 
the trays by smaller-mesh sheets, grain can be dried. The pro¬ 
cess proceeds in batches, grain being'laid over the mesh bottom 
to a depth of several inches; then hot, and later cold, air is blown 
up through the grain. Generally the trays have to be filled and 
emptied by manual labour, but it is now possible to fit a device 
whereby the dried grain can be run or swept out into a pneu¬ 
matic pipe-line whereby it is blown where required._ While one 
set of trays is being dried, the other is being emptied and then 
refilled (Fig. 10*). . . 

The horizontal-conveyor type, not utilizing gravity for moving 
the grain through the drier, requires rather more power than 
the corresponding vertical types, the plant described requiring 
15-20 hep. and the output being about 2 tons/hour. The tray 
type requires some 15 h.p. for fan only; the output is of the 
order of 2-2i tons/hour. 

. (4.3.1.3) Drying in Sheaf. . ■ :: ; 

The general situation in regard to crop-drying has been some- 
wftat observed by the publicity given to grain drying, in con¬ 
nection with combining.' A large section of the fanning com¬ 
munity, however, is more concerned with the problem of drying 
the cbm in sheaf in order to get it to the threshing stage. Small 
Scottish famw, in the North-West in particular, and the mUy 
■ district farms inEngland, are interested in this aspect, which has 
received practically no attention. It may then be well to draw 

* Shown as a lantern slide. . ' ' i' 


attention to the fact that a sheaf drier has been developed and 
has been in use in Yorkshire for some years. 5, 6 This makes 
provision for building the sheaves in the form of a stack round 
an inner cone consisting of iron piping. A coal-fired boiler cir¬ 
culates steam through these pipes, while air is blown by means 
of a fan into this inner space and thence over the heated pipes 
and out through the sheaves. 

(4.3.2) Grass Drying. 

The other major problem in farm drying is the handling of the. 
grass crops to eliminate the uncertainties of haymaking. Efforts • 
in this direction started with attempts to “make hay” and 
finished in the development of an intensive process of repeated 
cuttings of short grass to be dried and made into a high-protein 
meal. Nowadays a compromise is generally effected, an early * 
cutting being made for short-grass drying, the main crop being 
treated as hay in the usual way and the residue, if any, being 
dried. The artificially-dried grass is either ground into meal or 
compressed into bales. . 

Grass-drying plants generally work on the horizontal principle, 
although a rotary type is sometimes used. Since good grass¬ 
growing districts are not good combining districts, grass- and 
gr ain- drying do not often overlap and the question of dual- 
purpose machines does not often arise. Those grain driers of 
the tray type and of the horizontal conveyor type (see Section 
4.3.1.2) can be used for both purposes. The former is probably 
rather more satisfactory as a dual-purpose machine. There are 
other horizontal types offgrass drier, but these are not suitable 
for grain drying. Grass can also be dried on the stack system 
(see Section 4.3.1.3). .. 

As grass is generally wetter than grain, drying is more expensive 
and in practice slower; a simple system ef regenerative heating 
is commonly used. A common rate of output is some 3 cwt of 
dried grass per hour. The power requirements for the most 
normal conveyor type are about 15h.p. for fans, conveyor and 
elevator, and a further 20 h.p. or so if the grass is to be ground 
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into meal, or about 3 h.p. if it is baled. The power consumption 
for drying only is of the order of 80-90 kWh/fon dried. Grinding 
accounts for nearly as much in addition, but baling requires only 
some 5-6 kWh/ton. 

(4.3.3) All-Electric Driers. 

The question of making drying all-electric by using electrical 
heating has been raised from time to time, but it has never been 
possible to give an encouraging answer. The hard facts are that 
electricity has to compete 'with coke used in a crude, simple and, 
because of the use of combustion gases, comparatively efficient 
form. ^ Nevertheless many farmers—technically-minded farmers 
appreciative of the position—have expressed strongly their am¬ 
bition to have all-electric operation, even to the extent of paying 
basically much more than they do now. They have in mind, 
not only freedom from furnaces and their attendant troubles, 
and the simplification in labour which might ensue, but the fact 
that with the really effective temperature control so afforded the 
plant could be run at optimum temperatures without danger of 
overheating the grain. In addition there would be the elimination 
of damage to fittings and structure resulting from the emission 
of combustion gases into the drying room. 

The first and somewhat courageous step in all-electric opera¬ 
tion has been taken by the Bedford Corporation in conjunction 
with a local farmer at Haynes, Bedfordshire, in converting a 
Kennedy and Kemp drier to electrical heating with a connected 
load of 182 kVAr So far the experience gained with the plant 
has completely satisfied the farmer (Fig. 11*). 

It is, however, unlikely that any substantial advance in all¬ 
electric operation will take place on the lines of straight con¬ 
version of existing large plant. After all, how many rural sup¬ 
pliers would welcome individual loads of this order? It will 
more probably come in the form of smaller plants, with some 
50 kVA of connected load, running fully automatically night and 
day, possibly using regenerative heating in some form or other. 

Experiments in all-electric grass-drying have been carried in 
Switzerland to the state of commercial application 7 in the form 
of a recuperative-type conveyor machine. The fundamental 
principle of the method of recuperation employed is that the 
water eliminated from the first stage in the form of vapour is not 
allowed to escape to the atmosphere, as has hitherto been the 
case, but is condensed in a heat exchanger so that the heat of 
evaporation is utilized to assist the further drying process. The 
normal evaporation from grass driers is some 2 000 B.Th.U./lb 
of water evaporated, 8 whereas the Brown-Boveri method requires 
only some 1150 B.Th.U./lb. 

(4.3.4) Hop-Drying. 

The drying of hops after picking is a highly specialized and 
localized farming process. It is traditionally associated with 
Kent, but it is probably true to say that the Herefordshire and 
Worcestershire hop farms are more advanced in the modern 
methods of drying. Nevertheless, even there the process is 
fundamentally crude, consisting as it does of placing hops on a 
hessian-covered and slatted upper floor of the kiln or oast, warm 
air being blown into the lower chamber and thence passing 
through the hops for hours at a time. As this goes on with 
successive refillings and emptyings for a month on end, it seems 
strange that some form of continuous process has not been 
perfected long ago. Something of this nature has been done in 
Germany, but there is no sign of its adoption in this country. 
With the crude conditions of heating presented, electricity has not 
competed so far in this respect, coal- and oil-firing being usual. 
With the practically continuous running required, electricity is 
the obvious—and almost the universal—means of providing 
motive power for the fans—some 5 h.p. per kiln—and for the 

V * Shown as a lantern slide. 


automatic stokers—f h.p. each—when used. Id at least one case 
the farmer has used his hop-drying kiln for drying grass. 

& 

(4.4) Milk Production 9 

The advantages of electricity over all other forms of energy 
for use in connection with milk production and handling are so 
evident that nowadays they are never questioned. The degree 
to which it is used, when available, is governed by economics, 
or rather by the individual farmer’s interpretation of economics! 
In a large—and increasing—number of cases the milk-producing 
plant is all-electric, even to the heating of water and raising of 
steam. The main requirement in milk production—hygiene— 
is so dependent on adequate lighting for its achievement that, for 
this, electricity is almost a sine qua non . 

(4.4.1) Power. 

(4.4.1.1) Milking . 

It is no longer a question as to whether machine milking'is 
satisfactory, but as to how best to ensure the most 0 hygienic 
handling of the equipment. The fine points of dispute on the 
principle have not survived the conditions imposed by the war, 
and machine milking is expanding at a rate limited only by 
supplies of materials. 

Practically all milking plant is now operated on tfye suction 
principle, and the energizing unit is a suction pump driven by a 
motor of 1-2 h.p. The consumption is of the order of 30 kWh 
per cow per year for two daily milkings, increasing, but not 
proportionately, where three milkings per day is the practice. 

(4.4.1.2) Cooling . 

Only in very rare instances is the water supply available 
throughout the year at a temperature sufficiently low to achieve 
really effective cooling, and it may be taken—and is now realized 
in official circles—that the bulk of the milk produced on farms 
in this country is, at some time or other, insufficiently cooled. 
Also, where mains water is available and used, the consumption 
for this purpose is sometimes not only embarrassing to the water 
undertaking but expensive to the farmer. 

Everything points to a tremendous expansion in the installation 
of farm cooling-plants sooner or later—it may come suddenly 
under official direction. Since electrical operation is the only 
means worth practical consideration for a small farm cooling- 
plant, more extensive installation will follow increasing rural 
electricity supplies; it will also follow a reduction in the cost of 
plant, which will come only when some manufacturer is coura¬ 
geous enough to embark on a real programme of production. 
The usual mechanical milk-cooling plant, takes the form of a 
dual type, partly cooled by water and partly by refrigerant. 
More attention should be given to the elimination of the water 
stage and to the complete cooling by refrigerant. The annual 
consumption for dual cooling is of the order of 20-30 kWh/cbw, 
and the use of full cooling by refrigerant would roughly double 
this;*even this would not be serious at the running costs now 
available on farm tariffs. 

In the simplest forms of cooling plant, where no milk is held 
on the farm, a direct-expansion plant is used to supply refrigerant 
direct to the cooler; the motor required for this purpose varies 
from $ to 2 h.p., depending on the capacity of the cooler. This 
type of copier must be sterilized in situ, and. this is effected by 
fitting it with a metal jacket and connecting it to a steam line. 

Where milk is to be held a cold-chamber is required and it is, 
perhaps, simpler to use the brine-tank system, recirculating tfie 
brine by pump to the milk-cooler. In this type the cooler can 
be removed and placed in the general sterilizing chest, thus, in 
many cases, simplifying the sterilizing arrangements. 
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(4.4.2) Heat. * 

The main expenditure of energy in milk production and 
handling is for heat—water has to be heated for washing and 
steam raised for sterilizing—and this offers one of the biggest 
and best outlets for electricity on farms. Farms with herds of 
20-40 cows can account for 5 000-10 000 kWh/annum for dairy 
heat alone. 

(4.4.2.1) Self-contained Chests. 

Where all the utensils to be sterilized can be detached the 
simplest, and possibly soundest, proposition is a self-contained 
chest with a built-in boiler heated by immersion units, the steam 
being delivered straight into the chest. These are available in 
loadings of from 4 to 9 kW, depending on the size of chest. 
This type of plant has given yeoman service in all parts of the 
country, but, strangely enough, there still lingers in certain, but 
now limited, official county circles a prejudice against these self- 
contained chests because apparently they do not generate steam 
“under pressure.” It can be said, quite definitely and categori¬ 
cally, that a chest of reputable make will do all that is expected 
of it; that is, it will sterilize all the utensils and appliances put 
inside it. Furthermore, it is now possible to have chests with a 
nozzle attachment which allows small tubular parts, such as 
those used in milking machines, to be blown through, and even 
permits the use of a churn stool, whereby larger utensils such as 
churns cab be sterilized outside the chest. In certain makes it is 
also possible to use this extra steam circuit to blow steam into 
a tub of cold water and so heat it up for washing; generally, 
however, it is more useful to have hot water “on tap” from a 
separate storage heater, particularly where a special thermostatic 
heating tariff is available. 

'fhese self-contained chest units have come to be known 
generally, though loosely, as “electric sterilizers.” They have a 
particular appeal to the small farmer who may be modernizing 
his plant, or to the newcomer, since they require no more space 
than any chest would take, require no boiler space and, of course, 
no separate boiler room which has to be provided with coal 
firing (Fig. 12*). 

(4.4.2.2) Steam-Raisers . 

Where a good chest already exists, or where steam pipe-lines 
are to be used for sterilizing coolers, elaborate milking equip¬ 
ment, etc., in position, it is necessary to have a separate steam- 
raiser with a higher evaporative capacity. The question of 
pressure in farm dairy sterilizing has been something of a bogy, 
and pressures of 50 and 60 lb/in 2 have often been asked for, 
apparently with no particular evidence of need. The truth is 
that very little is definitely known about the exact steaming re¬ 
quirements for different conditions. It is indeed doubtful 
whether a pressure of 10 lb/in 2 need ever be exceeded, or indeed 
whether anything beyond 5 lb/in 2 is required for the vast majority 
of pipe-line installations. 

It«f almost essential, however, where an electrical steam-raiser 
is being used to supply an existing chest, that the latter should 
be insulated on the top and all sides; this also applies, where 
practicable, to the steam pipe-line. 

Steam-raisers are of two main types, those with immersion 
heaters and the electrode type. The loading of the immersion- 
heater types ranges from 9 to 15 kW and, subject to de-scaling 
in hard-water districts, they operate satisfactorily, the main 
criticism being of petty idiosyncrasies on the part of individual 
makers. They can, of course, be a source of uneasiness if no 
# provision is made for automatic disconnection of the heating 
elements if the water supply fails. * 

The electrode type with loadings up to 20 kW has given 
satisfactory results, the main disadvantage being the variations 
• * Shown as a lantern slide. ; 


in loading with different water conditions. It also requires 
frequent servicing in hard-water areas. 

There is, to be frank, no royal road of “fit and forget” about 
electrical steam-raisers, or indeed about electrical chests. They 
should receive regular inspection, and being of vital importance 
to the farmer and good revenue-producers to the supply under¬ 
taking, they are worthy of having mutually satisfactory servicing 
arranged. Those areas in which there are fewest complaints 
about sterilizers are those in which service arrangements have 
been made. 

To the rural supply engineer who is uneasy about 15-kW or 
even 9-kW sterilizers on his mains, there is a prospect of definite 
load alleviation after the war. The Americans have been 
developing the principle of low-loaded storage steam-raisers—a 
principle once tried tentatively and abandoned by the North- 
Eastern Electric Power Co., and these are now in production 
in the U.S.A. This has enabled the requirements of a medium 
cow herd of, say, 40 cows to be met with a connected load of 
li kW and of a large herd by no more than some 3 kW. This 
principle is almost certain to be adopted in this country in due 
course. 

(4.4.2.3) Pasteurizing . 

The subjection of the raw milk to pasteurization, or some 
other form of heat treatment whereby it is held at certain indi-* 
cated temperatures for appropriate times, has been the only basis 
on which milk can be handled in large quantities, and is therefore 
largely practised by the large-scale distributors. Government 
legislation now pending, however, promises to make pasteuriza¬ 
tion compulsory, with the alternative of providing tuberculin- 
tested (T.T.) herds, as a counter to the danger of tubercular 
infection from milk. As it is difficult to imagine that more than 
a small fraction of the milk-producing herds of this country will 
comply with the T.T. requirements for many years to come, a 
wide spread of pasteurization is to be expected. 

Pasteurization is a straightforward and comparatively crude 
application of heat and, having been done almost exclusively* 
in large plants, process steam has been available there for the 
purpose and electricity has not generally been considered prac¬ 
ticable. Americans have, however, produced electrically-heated 
pasteurizing units, mainly on the electrode principle, Rising the 
milk itself as the conductor. There is, however, no evidence of 
any substantial demand for them, or that they have been in¬ 
stalled for other than their advertising value. 

Nevertheless the possibility of pasteurizing being carried out 
in much smaller plants than hitherto, where ample steam may 
not be available, opens the way to a reconsideration of the 
electrical method in small units. Nothing more can be said at 
the moment, but it is as well to indicate that this problem is not 
being overlooked. 

(4.4.3) Lighting. • ' . . r 

The conditions on farms, and even on corresponding parts of 

farms, vary so much that it is impossible to lay down any hard- 
and-fast rules in regard to lighting. Indeed there are no rules 
other than the basic one of providing adequate intensity of illu¬ 
mination. While it is unlikely that the personnel responsible 
for lighting cowhouses will generally have the facilities for 
testing this, some 3-4 foot-candles should be aimed at. Other¬ 
wise it is mainly a matter of common sense to achieve reasonably 
good lighting, 

there are many instances* of apparent failure to 
exercise any discrimination whatsoever in lighting. Ibis applies 
both to milk-handling rooms, where brilliant lighting is justified 
and where the conditions are straightforward, and to the cow¬ 
house or the milking house itself, where a lower intensity is 
called for but where the conditions are rather different from those 
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usually encountered by an electrician. There are however 
certain general considerations which, if complied with, will 
ensure satisfactory illumination of the cow-house. 

(a) The udders of the cows must be illuminated, so that com¬ 
paratively low-angle lighting should be provided. 

(b) Pools of light should be avoided, and the temptation to 
skimp the lighting points must be resisted—one light per 4-cow 
run is probably a minimum. 

(c) Some light—even if diffused—should be allowed to reach 
the upper parts and ceiling of the milking house. To work in 
a tunnel of light with deep gloom overhead is very depressing; 
simple lighting units are available which prevent this. 

(d) With some types of cow-stalls and fittings the central 
lighting will not illuminate the feeding trough or the feeding 
gangway; extra points should be provided for this purpose. 

(4.4.4) Centralized Milking. 

A significant trend in mechanized milking and milk-handling 
is the development of the centralized milking room or “milking 
parlour" as it is sometimes—somewhat unhappily—called. 
Whereas in normal milking practice the milking-machine suction 
line is run throughout the cowsheds and milking is carried out 
in situ , centralized milking utilizes a special milking room with 
only a few stalls, say one to every five cows, to which the cows 
’ are led in turn for milking. This means that instead of having 
to exercise maximum hygienic precautions over a large area, and 
perhaps a number of buildings, these can be concentrated in a 
comparatively small area. The cows can live very happily under 
conditions which would be inimical to high-grade milking , and 
they can even live out of doors. This development, is of very 
great help to a small farmer whose output is expanding, or to a 
man with existing and old-fashioned buildings who is trying to 
improve his standards of milking. 

While the centralized-milking idea would have achieved some¬ 
thing even if it merely centralized the normal milking procedure, 
in actual practice it does much more than this. Instead of the 
milk having to be emptied from the milking unit into a bucket 
and then carried to the cooler—the normal milking practice—it 
is usual in the centralized plant for the milk to be drawn from 
the cow to a central point where it is automatically released to 
go through the cooler and thence to the bottles or chums with¬ 
out any intermediate handling; this is known as the auto-release 
system. Provision can also be made for the output from each 
cow to be weighed and recorded on its way to the releaser; this 
is referred to as auto-recording (Fig. 13). 


There is much in these systems, particularly in a country such 



as ours where the general standards of milk and milking are 
generally somewhat poor, to give the progressive farmer con¬ 
scientious ideas about his own milk production. The principle 
can be applied on quite a modest scale and with none of the 
elaboration "and showmanship which have appeared in one or 
two installations and which may have discouraged practical 
farmers: centralized-milking units have been installed for herds 
as small as 15 cows. 

It is not, however, certain that the basic idea is always applied 
in the best way, in relation to the post-milking processes, or that 
sufficient thought is always given to the planning of the auxiliary 
equipment. Ideas differ, but the author feels that some useful 
purpose might be served by reproducing here a layout suggested 
by Martin Harvey, to whom he is indebted for the information 
and plan. Fig. 14 shows a suggested ail-electric milkhouse, and, 
for fuller information, the adjoining milking-room (as laid out 
in the area served by the Shropshire, Worcestershire and 
Staffordshire Electric Power Co.). The milk-house is fully 
equipped, but is not provided with elaborations such as pas¬ 
teurizers, milk-capping machines or can-washing machines. It 
is intended rather to provide the conditions required by a 
producer-retailer maintaining a high-class business in a local town, 
and provides for a herd of 80-100 cows. The scale can be re¬ 
duced or expanded to suit varying circumstances. As it stands, 
one of the milking sides can be run independently. r The main 
feature of the milk-house is the one-way flow' principle from 
“dirty" cans to “dean" room; no one need come from the 
“dirty" room into the “clean" room without first washing and 
changing overalls in the staff room. 

(4.5) Special Applications 
(4.5.1) Hoisting and Elevating. 

As has already been remarked, the amount of manual lifting 
and trundling which goes on at a farm, and which is apparently 
quite complacently submitted to, is astonishing. This com¬ 
placency is gradually being somewhat shaken as more girls are 
employed, and even where the men find that the extra time 
taken up makes their job harder. Particularly noteworthy is the 
comparative rarity of even a hand-operated hoist, and the still 
rarer fitting of a power-operated hoist. The layout of farms in 
- this country, too, generally calls for much horizontal transporta¬ 
tion. In distinct contrast is the latest Swedish practice. There 
the new barns are several storeys high, and all crops—hay, grain 
(threshed and unthreshed), roots, etc.r—are power-hoisted to one 
or other of the upper floors. All subsequent movement is down¬ 
wards by gravity, culminating in the feeding troughs of the 
animals, which are kept on the ground floor/ r 

Most farms in this country, however, provide one upper floor, 
from which grain is taken for storage and subsequent gravity feed 
to the grinding mill below. This grain is generally handled in 
sacks, and the use of a power-operated sack-hoist caiMvoid 
much hard work and save much time. Apart from some 
locally-made and home-adapted plants, the most generally used 
type is the friction-controlled winch. This is a very robust 
machine and one simple to control; the motor—1 to 2 h.p.—runs 
continuously, and lifting, stopping and lowering are controlled 
by a rope which, depending on the pull exerted, lowers, lifts or 
brakes through a combination of friction pulleys and eccentrically- 
mounted shafts 

This type of hoist is a considerable advance on carrying sacks 
upstairs or hoisting them by^h however, stpi leave, 

the sacks to be wheeled or carried to their final destination on dhe 
upper floor. Practically no use seems to be made on farms in 
this country of the self-contained, transporting hoist frequently 
used on the Continent. Fig. 15 shows one of the few installed 











Entrance to milking 
& auto-recorder shed 



Fig. 15.—Self-contained electric-hoist in action. 

winch. This is a convenient way of carrying out relatively 
infrequent hoists tut is not so convenient as the separate hoist 
■ for tegular work; . 

In many cases the grain is to be, or can be, stored in bulk so 
that its transport upstairs in sacks is only a means to an end. 
•Here, i* would be simpler and more economical in labour to 
tip The sacks int$> a hopper on the ground floor and lethie grain 
be liftecl mechanically, straight into the upstairs bins. This cdul 
be achieved by mechanical cup elevators and scraper-conveyors, 
but this system becomes complicated and expensive except on 



Fig. 16._Diagram of suction-release method of grain elevation. 
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or breaking it. In the first—a positive method—air can be 
blown into a pipe line which, picking up the grain on the way, 
will carry it to the required point, there releasing it through a 
cyclone. Another method, not so well known, is the suction- 
release system, whereby air is sucked into an expansion chamber 
at the highest point, carrying the grain with it in suspension. 
When the air-cum-grain mixture enters the expansion chamber 
the air velocity is reduced and this allows the grain to fall to 
the bottom of the chamber. A small auxiliary motor drives a 
releaser whereby the grain is released without breaking the 
suction. The Drummond method of utilizing this idea, as 
applied to a mill in Hertfordshire, is illustrated diagrammatically 
in Fig. 16. The capacity of this plant is 3 tons/hour, when 
operated by a 6^-h.p. motor. This principle might well prove 
to be highly useful on farms. 

(4.5.2) Water Supply. 

There is much heart-burning in rural welfare circles about sup¬ 
plies of water in rural areas, and there is a tendency, fostered 
apparently in official quarters, to consider that widespread water 
mains are essential. In actual fact, in many parts of the country 
there are ample supplies available locally from springs or from 
wells at no excessive depth, and where electricity is available this 
can be so handled as to afford by automatic operation the full 
convenience of the water main. 

Electricity has been found to provide for farm purposes not only 
an ample water supply but also an ample water service, of ade¬ 
quate pressure and automatic operation, the cost being—in the 
author’s experience, without exception—lower than that from 
the corresponding mains service; a common figure, and by no 
means a maximum figure, for mains supply is 2s. per 1 000 
gallons, where only in exceptional cases will the total cost of 
that from an electrical installation approach half his figure. 
Indeed it is no uncommon thing for a farmer to install both 
independent and mains supply, retaining the latter as a standby 
only.. 

Automatic operation can be achieved either by a gravity tank 
system, controlled by a float switch, or by the pressure-tank 
system. As adequate pressure is, however, highly desirable, 
particularly in large modem dairy installations, the balance is in 
favour <5f the pressure-tank system, where pressures of40-50 lb/in 2 
or upwards can be obtained. To provide even half this pressure 
on the gravity system would require a tank to be at a height of 
40-50 ft, which would be unsightly and costly and difficult to 
provide in war time (Fig. 17). 

A drawback to the pressure-tank system is the lack of any 
reserve in the event of a breakdown of either pump or supply, 
and, because of this fear, which is justifiable on a dairy farm, a 
gravity system is often preferred. Since failure of supply is very 
rare—and very short in duration^—and plant failure is the main 
potential danger, it might often be cheaper and better to install 
a pressure tank with a standby pump and motor. The alterna¬ 
tive—probably the best on all counts—is the duplex system as 
used at Reading University Farm, where a low-level gravity tank, 
acting as the main reserve, feeds a pressure-tank system, which 
can in turn be by-passed in the event of a supply failure or plant 
breakdown. 

The most interesting development in recent years has been the 
production of submersible pumps in small sizes suitable for 
supplying individual farms. They offer for deep-well work a 
simple type of installation (Fig. 18*) which has been very 
reliable indeed. Some very cautious engineers prefer to have a 
second string to their bow in the event of electrical failure, and 
for deep-well work fit the rbd-andrplungear type of p ump , 
This type, with the driving gear at the top, certamly offers the 

* Shown as a lantern slide. 



Fig. 17.—Small automatic pressure-tank pumping set. 

opportunity of arranging emergency alternative drive from a 
small engine (if available). There are excellent examples of 
this type of pump, in particular those with withdrawable plunger 
and valves which facilitate maintenance. 

(5) CONCLUSION 

The author has confined the scope of the paper to what may 
well be defined as general farming—the arable, the dairy ancl the ^ 
mixed farm. He has had to resist the temptation to touch upon 
the many other, but more specialized, branches of agriculture in 
the widest sense—poultry-farming, fruit-growing and market¬ 
gardening. Each of these has wide and interesting scope for 
electrical application and discussion, but to include them would 
be to reduce the paper to catalogue form. 

The author has not forgotten the various interesting but highly 
specialized individual plants which offer good electrical loads in 
certain localities, for example the hop-picking plants in Worcester¬ 
shire, Herefordshire and Kent, and the pea-picking plants in 
Lincolnshire. 

There are, too, the highly productive and specialized rural 
factory plants depending on the local farms to keep them going, 
exemplified by an Eastern Counties flax factory with 500 kVA 
installed load and annual consumption of 473 000 kWh, handling 
10 000 tons of flax from 5 030 acres, and by the Navenby (Lines) 
grass-meal producing plant of British Crop Driers, with a con¬ 
nected load of 1 000 h.p. and an annual consumption of the order 
of 1 million kWh. 

The author lias preferred to restrict his field of survey and to 
treat the subject with two aims in mind. He recognizes^TJiat a 
large number of engineers and others are interested in rural 
electrification and yet have no opportunity of obtaining practical 
knowledge of the subject. He has endeavoured to present to 
these a broad picture of the subject. At the same time there 
are engineers who are actively engaged in applying their 
knowledge and skill to farm electrification but who, for various 
reasons, have no opportunity of visiting other areas 'and .feeing , 
what is happening there. For these the author has endeavoured 
to afford a clearing-house for modem Ideas on the subject and 
to present a general background against which local trends can-" 
be measured. ■ ^ 

Finally he makes no claim to completeness in the survey, being 
for various reasons in touch with but a small part of the total 
field covered.. He therefore invites, and would welcome, any 


if 
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information on special aspects of farm electrification; that these 
may have but local interest or be in crude form is immaterial, as 
many a simple idea, developed for local expediency, contains the 
germ of & process of widespread application. 
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DISCUSSION BEFORE THE INSTALLATIONS SECTION, 13TH APRIL, 1944 


% ivfr. J. C. Leslie: I feel sure you would like me to thank the 
author for the very interesting survey which he has given us of 
the application of electricity to the farm. The farmers organi¬ 
zation which I represent here is most anxious to see that in the 
future electricity is given the widest possible and most economic 
use in our industry. • c 

The author refers in the early part of his paper to the cost of 
installation and to general running costs, and suggests that to-day 
these are perhaps no longer a material consideration. That is 
too rosy a picture to paint, even now. The farmer to be up to 
date must have access to the same services as other industries, 
and particularly those industries in urban areas. . Will the critic 
of agriculture allow the farmer to receive electricity and other 
services at costs comparable to those which his own urban industry 
is called upon to pay? Unless those who are prepared to criticize 
the alleged lack of efficiency in the agricultural industry, are at 
the sam% time prepared to see that it is supplied with the tools 
it needs at the same rates as those which apply to other in¬ 
dustries, criticism on that score cannot be justified. The cost of 
obtaining a supply of electricity is a matter which is very much 
in the minds of farmers to-day. . . 

Farming is made up of a very large number of small enterprises, 
each of about 100 acres. The principal consumers of electricity 
in the future will therefore be the small family farms. I agree 
with title author that the electrical industry must consider the 
application of electricity to large-scale enterprises, such as grain- 
drying, threshing, soil sterilization and even field cultivation; but 
, we as an organization are not particularly interested in develop¬ 
ments of that*kind, because they have no general apphcation to 
the industry. In what directions is ^ general application feasi . 
Most farm implements are used for only a very limited number 
• of daysin the year, and we cannot afford to have an electnc ipotor 
standing idle f<w 300 days out of 365; that would be unthinkable 
in any* enterprise which has to be Ain for profit We must 
fore consider the application of electricity to machines which are 
in constant daily use. v ' • • 


The first use of electricity is in the farmhouse itself. If we 
could persuade the farmer’s wife that electricity is a big labour- 
saver and a saver of money, we might go a long way towards 
getting the kind of guaranteed figure that the author suggests. 

Outside the farmhouse there is a great deal of very hard work 
to be done, from which much of the toil can be removed by . 
electricity. The small family farm depends veiy largely on stock 
and stock products for its income. A very important field of 
application of electricity is therefore to milking machines and to 
the machinery associated with milking—the sterilizer, the pro¬ 
vision of hot water, and so on. To capture the largestTpossible 
demand which agriculture can provide, principal consideration 
must be given to milking and all its associated equipment and to 
the machinery used for the preparation of food for livestock. 

Barns should be equipped with electrically-driven small 
hammer mills, small mixing machines, and hoists for moving 
materials. We want the agriculture of the future to be attractive. 
At the moment, on most farms young men have to move oa their 
backs sacks weighing 18 or 19 stones. I suggest that if the 
best that we have to offer recruits to the agricultural industry is 
that they shah take part in a heavy-weight lifting contest every 
day in the week, we shall not attract the best men. _ 

To interest the farmer, electrical supplies must be very efficient 
and well installed. The lighting of buddings is mot merely a 
question of putting up a bulb to replace a hanging lantern. You 
must show the farmer how to make the best use of electric 

g \Ve wish to see a national scheme for the application of elec¬ 
tricity to farms generally, with a standard form of equipment. 
We want a standard, cheap and efficient supply, with easy an 

readily available maintenance, wherever the farm may be. So 
far as the large-scale enterprises are concerned, they are generally 
in the hands of men who are thorou^ly bu^ 

soil sterilization, the fruit grower who wants cold storage, nnd 
sq on, and, in the main, they can well be left to look after them- 
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selves; it is the 200 000 small farmers who we believe are the best 
potential customers of the electrical industry. 

Mr. H. W. Grimmitt: The farm load has a low load factor, but 
an examination of the statistics for undertakings that are really 
rural shows that the load factor is increasing steadily each year. 
Most of these undertakings return a figure of a little over 40 %, 
which is, in my opinion, good. Too much attention need, there- 
r fore, not be given to the maximum demand of individual farms. 
Farm loads are very diverse, and as long as the overall load factor 
remains stable or improves, there is no need to penalize the 
farmer by an onerous minimum guarantee charge, or perhaps a 
tariff with a high maximum demand charge. 

I hope that this paper will encourage undertakings to produce 
better statistics so that the supply industry as a whole can publish 
something which is really useful and which will show, particularly 
to farmers, the good work that has been done. 

The portion of this paper in which I am most interested is that 
dealing with the layout of farm machinery. It is necessary to 
think of farm mechanization as a complete entity, but the present 
installation of plant on most farms is rather an improvisation. 
Now that farm workers get £3 and over per week they have 
become valuable; consequently manual work or manhandling has 
to go, and the plant must be laid out to the best advantage. 

- There is great scope, therefore, for small conveyors and hoists. 

Most existing farm buildings are in a stage of decay and ought 
to be rebuilt. With this opportunity, which I hope will come, 
the layout of plant should be given the closest consideration. 

Lt.-CoI. Philip Johnson: I feel very optimistic not only about 
electrification but also about the general mechanization of farm¬ 
ing, since recently there has been a considerable increase in the 
cost of agricultural labour in this country. I am convinced that 
the question whether an industry will be mechanized turns 
simply and solely on the cost of labour. More than thirty years 
ago, I was asked by a zemindar in Southern India whether it 
would pay him to abandon the old sickle and go in for a reaper. 

- I told him that it was just a matter of figures, and on examining 
his current costs I came to the conclusion that it would not pay 
nim to contemplate ricking with a reaper unless and until he was 
paying at least 4d. a day to his labour. As labour in Southern 

; India in those days was 2d. a day for men and lid. for women 
r it obviously did not pay him. 

A point which struck me about the paper was that the author 
did not refer to the possibility of cultivation by means of elec- 
^ tricity. This is a very thorny problem. Many people have tried 
it and given it up; but I feel that if some electrical engineer with 
time and enthusiasm, and a certain amount of his own or some¬ 
body else’s money, would settle down to the problem, something 
might be achieved even for the comparatively small farm. 

In the case of large cable ploughing tackles formerly in use, 
one engine was located at each end of the field, and the imple¬ 
ments were hauled backwards and forwards across the field on 
a cable. This tackle has now practically disappeared, its place 
being taken by the tractor, which operates over the land. With 
a tractor, from 50-60 % or even more of the total power available 
at the engine is wasted in transmission, in deformation of the 
land or in the rolling resistance of the wheels in passing over soft 
ground. An electrical method might be devised of operating the 
old ploughing tackle, which died out largely because while one 
man drove each steam engine, four or five, were needed to feed 
them with coal and water. A small, light and inexpensive 
electric tackle onthese lines might be most useful for large market 
gardeners, who use intercultivation implements almost coeh 
tmuously for many months. The whole outfit could probably 
^ nt t0 contr °H e d electrically by one man seated 

Mr. E. Rowland: This occasion should not be allowed topass ’ 
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without paying a tribute to the work of the late Mr. Borlase 
Matthews, through whose untiring efforts the electrical needs of 
agriculture were made known in the early days. 

The author’s work is associated with his position as Secretary 
of the Rural Committee of the E.R.A. Prior to the establish¬ 
ment of that Committee, agricultural investigation had been 
handicapped by an academic approach, with undue prominence 
to the less practical applications, such as cultivation and electro¬ 
culture. Mr. Leslie has appealed to the electrical industry to 
show a united front in dealing with the electrification needs of 
agriculture, and I submit that from the technical aspect this 
need is being met by the E.R.A., which is producing results 
unsurpassed in any other country. 

The improvement of load factor on farms is an important 
matter. By carrying out operations over a longer period with 
smaller power, capital cost is reduced and the load factor 
materially improved. The author has described the valuable 
work which he has done in the development of the 3-h.p. hammer 
mill, which takes the place of a mill requiring a motor of 10 or 
15h.p. This technique should be more widely developed for 
applications such as threshing, food mixing and other processes. 
An important issue connected with this development is the im¬ 
provement of the layout of farm buildings. Undoubtedly the 
electrical industry can make an important contribution in this 
field.' 

In the early days of agricultural electrification there were sug¬ 
gestions that special motors were required, but in practice 
standard protected machines have proved satisfactory for farm 
conditions. For certain situations due to dampness or similar 
causes a totally-enclosed motor is required, and where thejce is 
excessive dust a cowl-cooled machine offers a satisfactory 
solution. 

Grain-drying is an application in which interest is being dis¬ 
played, and, while there are difficulties in applying electricity for 
the heating load, there are great advantages, from the farmer’s 
point of view, including labour saving and an improved sample. 
Considerable trouble has been experienced in producing a satis¬ 
factory milling and germinating sample. These difficulties can 
be overcome by the close control achieved with electric heating. 

It is in the dairy that electricity has made the most progress 
up to the present. There is need for some clarification in the 
classification of the performance of steam raisers, particularly 
because the non-technical user finds difficulty in differentiating 
between pressure in lb/in 2 and evaporative capacity in Ib/hour, 
The heaviest steaming duty on a farm is sterilizing a recording 
milking plant, and it has been demonstrated that this can be done 
electrically with a negligible pressure. With fuel-firirg, how¬ 
ever, a pressure of 60 lb/in 2 is specified, this being largely due 
to the inability of a fuel-fired steam-faiser to deal with a fluctuating 
load unless it has a reserve. 

The author refers to the importance of servicing ek^jpcal 
equipment, and it is to be hoped that as farm electrification 
becomes more widespread the regular servicing of equipment will 
be practised . In the lighting field there is undoubtedly room for 
a scientific approach. 3h view of the great susceptibility of farm 
animals to shock, even on very low voltages, the safety of instal¬ 
lations, particularly in places such as cow-sheds, is of very great 
importance. One solution is to isolate the electrical installation 
from all parts with which the animals come in fc contact, und 
another is the employment of leakage trips. 

: author states that “it is indeed difficult 

to visualize, in the light of our present knowledge, a pra&icafcle " 
type of electrically-driven field power unit havirfS the versatility 
required in war time.” In th$ same way it was equally difficult 
to visualize, only one generation ago, a practicable type of aero¬ 
plane engine which had the versatility required of It in war time^ 
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but that has not stopped the aircraft engine being developed. I 
suggest that by now we ought to have visualized and put into 
effect an electrically-driven field unit, because the low load factor 
on fame, about which we complain so much, is entirely due to 
the fact that we have not obtained the work on the land. 

I have been trying for some time to raise some enthusiasm in 
the industry, in the E.R.A. and at the Electricity Commission, 
for development work in connection with an agricultural unit to 
take the place of a tractor, but do not seem to have got very far. 
Col. Johnson has, I think, given us a very clear indication of the 
possibilities of this development if only we will all play our part 
in it and have sufficient faith. 

The author refers to the uneasiness of supply undertakings 

* w ho might have to connect up to a 9- to 15-kW load and, in 
another case, a load of about 150 kW for grain drying. I do 
not think that any supply undertaking should feel uneasiness in 

* connecting up a 9- to 15-kW load; if they do, there must be 
something wrong with their mains system. 

Grain drying and grass drying can give a very good load, the 
former being equal to at least 25 000 units per year for each farm 
which uses a combine harvester, and the load can be entirely a 
summer load. The electrical industry can give farmers the scien¬ 
tific means of grain drying which is so urgently required: but we 
should not, to my mind, waste our time in trying to convert the 
present cfude form of grain drier, using coke, to electricity by 
putting in resistance elements and obtaining an efficiency of 
heating which is very little better than when coke is used. We 
can, and should, develop an electrical method of heating the 
grain that would in the first place be regenerative, and in the 
second place use either radio-frequency or infra-red means of 

* heating, or one of several other scientific methods of the appli¬ 
cation of heat that could be made reasonably simple to handle. 

I should like to suggest to the author and to the supply under¬ 
takings that they should consider much more carefully the possi¬ 
bility of undertakings making a provision of plant for co¬ 
operative electro-farming for use by the farmers. We cannot 
wait for the farmers to spend several thousands of pounds on 
electrical apparatus: we have to spend some of the money for 
them. We do not hesitate to spend some hundreds of thousands 
of pounds in providing cookers, and I do not think we should 
hesitate in spending a good deal of money in providing the 
farmers, by hire or hire-purchase, and on a co-operative basis, with 
much of this equipment. 

Mr. E. W. Golding: It is important to realize that about 64/„ 
of the 390000 farms in England and Wales are actually less than 
50 acres in extent. A recent report of the Institution’s Sub- 
Committee states that to-day there are some 35 000 farms con- 
nected to the electricity supply, but that most of these farms have 
a greater acreage than 50, which means that future development 
must be devoted mainly to the electrification of the small farm. 
In acreage, the larger farms occupy something like 83 /ot the 
totaT area, leaving the small farms to account for only 17 %. At 
the same time, it is quite possible that the load which can be 
obtained by electrifying the small farms may be quite out ot 
proportion to the comparatively small total area which they cover. 

I agree entirely with the author as to the difficulty of obtaining 
reliable information on the utilization of electricity on farms. 
Perhaps the recent census of farm machinery may help in tms 
resect. I tffink that a detailed survey of the application W 
electricity to various farm processes would be must helpful. 
Recently I spent much time in estimating the total possible con- 

• sumption of electricity if -all- farms were electrified, and arrived 
at a figure of *bout 1 000 million units; the possible power re¬ 
quired would be 4 500 000 kW. These totals do not cover field 
power, but would be at least doubled if field processes could 

* also be electrified. 
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The electrification- of the farm buildings is certainly the first 
step, but I am a little uneasy about the question of following 
up some of the applications mentioned by the author. While 
manual labour is certainly irksome, at least it is simple, and if we 
electrify to the very full extent suggested and have to use these 
somewhat complicated pieces of equipment the latter must be 
properly installed and properly maintained. The units of equip¬ 
ment are not standardized and are not the acme of simplicity to 
use; they need very careful supervision in installation and for 
some time afterwards if they are to give satisfactory service in 
the hands of non-technical workers on the farm. 

My last point concerns putting the matter across to the farmer. 

I am certain that although the young farmers, in particular, are 
very willing to adopt electrified methods, they just do not know 
what can be done, and the publicity methods in the past have 
been hardly sufficient to enable them really to appreciate the 
advantages of electrification. . 

Mr. W. Riggs: Several papers on the application of electricity 
to farming have been read here and elsewhere in the past, but 
usually at times when the farming industry was in a state of 
deep depression, when the farmer had no money to spend, and 
the supply authorities took no interest in him. This paper 
comes at a very opportune moment, when farmers have the money 
to spend, and their minds are more receptive to bringing their, 
equipment up to date than ever before. 

I believe that there is a committee sitting at the present time 
which is sponsored by the Royal Agricultural Society of England 
and is composed of representatives of landowners, farmers and 
agricultural labourers; it is considering how to maintain and in¬ 
crease the productivity of the land and the good of the agri¬ 
cultural community of this country. This shows that now is a 
very opportune moment to consider the question of the electri¬ 
fication of farm machinery to the limit. 

Some speakers have already said that a holding does not neces¬ 
sarily imply buildings, and that several holdings may be com¬ 
bined in one farm, but if so they should be catered for electrically, - 
because the farm buildings have to deal with the whole produce 
of the acreage. I have been told by the National Farmers’ 
Union, quoting from the Scott Report, that it is estimated that 
in 1938 only 25 000 to 30 000 out of the total of 366000 
holdings were connected to electricity supply mains. It seems 
to me that there will be a very great deal for electricity supply 
undertakings and electrical contractors to do in what we hope 
will be the very near future in the electrification of farm buildings. 

Mr. Martin Harvey: We have fitted slip-ring motors up to 
15 h.p. on the skids the author has shown, and they work well. 
The whole secret is to put the motor right at the end of the 
skid, where it acts as a lever. , . . 

In the Shropshire area we are fitting an electric grain-drying 
plant this summer. Although it will probably cost the farmer 
65-70% more to run than a coke-fired plant, he is so concerned . 
about the bad control of his coke-fired plant at the present time 
that he thinks the extra cost of using electricity will be well worth 
while He is anxious to avoid over-dried grain, which, of course, 

wifi not germinate. By electrical methods he can save two men 
two hours a day at the start. 

There is now a good demand for the pressure-tank-storage 
type of pump. It saves thebuilding of large reservoirs and tanks 
at an elevation of 40 ft, but there is one point to be watched on 
the practical side. With drinking troughs round the fields ^a 
smaller low-pressure reservoir fed by a ball valve from the^high- 
pressure system is required; the best method is to put a 40- or 
50-gallon tank up above the milking shed for supplying water to 
cow sheds fitted with pressure-type drinking bowls. 

The layout forcowshed lighting shownM^ 
one and has under-floor lighting ih te ™ 
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cows enter before they go to their ordinary milking stalls. 
There are six washing stalls, and glass panels of 18 in 2 are let 
into the floor. These panels have not yet been fitted, but are in 
use in Scotland. The electric boiler is not placed near the milking 
machines in the power room, as the sterilizing chest is “on” for 
an hour and constant water by steam injection in the bottle¬ 
washing troughs is required, so that it is much better to have the 
water as near as possible to where it is wanted. Even 20 ft 
of pipe increases the heafrlosses. 

Mr. S. A. Stevens: In Section 3.1, dealing with motors, the 
author says: “While the advantages of the polyphase motor are 
generally admitted, there is no longer the tendency to regard 
single-phase motors as a temporary expedient.” I suggest that, 
for several reasons, it is undesirable to regard single-phase motors 
at all. First, industrial applications of motors have become 
standardized for 400-volt 3-phase 50-c/s systems. Cheap motors 
for agriculture must therefore be standardized for the same 
systems. Again, motors to be small and light must be three- 
phase, which is also necessary if starting arrangements are to be 
kept as simple as possible and if centrifugal switches, commu¬ 
tators, short-circuiting gear, etc., used on single-phase motors are 
to be dispensed with. 

I agree that the supply companies do not want to run a three- 
phase distribution network round farming areas, because the 
majority of the load can quite easily work on single phase; but 
where mechanical power is required the 3-phase motor should be 
used. In the last few years systems for the efficient conversion 
of single-phase to three-phase have been developed. In par¬ 
ticular, there is the static system on which I have been doing 
some work. 

During the war there has been a parallel development among 
garage proprietors and boat builders who have turned to war 
production and more and more adopted mechanization. As 
their supply is limited to two wires entering the premises, they 
have had to use phase-convertor systems to run machines with 
-their small, compact, built-in, three-phase motors, which cannot 
be replaced efficiently by single-phase motors. If that can be 
done, by the garage proprietor and the boat builder, I am sure 
that it is the right solution for the farmer. 

Mr. G. O. McLean: In Section 2.1 the author mentions the 
absence Sf statistics on the use of electricity on farms. Our ex¬ 
perience in an area covering 15 000 square miles is that all 
farmers want a supply. The supply authorities in the rural areas 
could do very much more if times were normal and they had the 
material and the labour to do it. The author’s statement that 
farmers who do have a supply make use of it, is supported by an 
analysis of some samples taken from farming areas covering 
15 000 square miles from the Wash to Land’s End. We analysed 
statistically the consumption for some 50 good farms from each 
of 4 areas, deducing frequency distributions and graphing them 
and working out the usual constants, and found that of those 
farms which had supplies in the farmhouse only, about 25% of the 
total, had modal consumptions of2 000 to 2 500 units per annum. 

I suggest that this indicates the use of electricity for more than 
lighting and a radio set. In fact, the farmer’s wife has dis¬ 
covered the value of electric cooking. 

The second class of consumer indicated by this analysis covered 
those farm building motive power; in all four areas 

these had the same modal consumption, about 8 500 units per 
annum. The average was higher, but the statistical distribution 
was well spread out, the range being from 2000 to 30 000. 
This modal figure of 8 500 per annum means at least 4 fcW of 
power load per farm, even allowing 6 hours’ continuous running 
for 365 days a year. There is no possibility of that running time 
being used, and so the load per farm must be much greater. 

'Ifi? author might haye made a littlemore of Section 4.5^, in 


which he deals with water supply. Mr. Knowles, the President 
of the National Farmers’ Union, recently referred to the nee$ for 
water supply and electricity for farms. In one county, about 
60% of the hamlets are without piped water supply, hut not 
one-third of that number are without electricity supply; in fact 
only 19 hamlets with a population of over 250 are without a 
supply of electricity. No farmer need be without a supply of 
water under pressure, when he has a supply of electricity and a 
well into which to put his pump. I know that from an electrical 
point of view there is not much revenue from this water-pumping 
load—perhaps a few hundred units a year—but the farmer will 
appreciate its value. Has the author any figures from British 
practice to compare with those given at the American I.E.E. 
Conference last year and recorded in the Edison Rural Electric * 
fication Bulletin ? The cost to hand-pump about 300 gallons a 
day is given as £53 per annum at a labour cost of Is. an hour. 
The pump installation costs £20 and the electricity 15s., so that *' 
the whole cost was paid for in less than six .months and there 
was a financial saving of over £50 a year. 

Mr. G. May: Being an electrical engineer turned: farmer, 
naturally at the outset I desired an all-electric farm, but the 
supply company wanted £2 000 for the main. I therefore in¬ 
stalled a Diesel set. 

The electrical industry can help us, I think, to cut out heavy 
work—particularly lifting. Could a portable hoist be designed: 

(1) for stacking sacks, up to 2\ cwt each, four or five high; (2) with 
a grab for loading dung carts, and (3) for lifting bales of 1 cwt 
on to stacks 20 ft high? 

The most popular paraffin tractor is of 15 drawbar h.p. type, 
but suffers from excessive wheel-spin. Would the extra weight 
of a battery-driven tractor overcome this difficulty, and also 
provide a useful night load for supply companies? 

Electricity could be useful for crop-driers, particularly to 
eliminate coke fumes, but the price is too high. We use 3 cwt 
of coke per hour at 10s., which, I am told, is equivalent to about 
500 kW. We therefore need a supply at id. per kWh. 

Mr. J. R. Moffatt: I am in charge of the Rothamsted Experi¬ 
mental Farm, which has been electrified for the last ten years. 

We have 10 motors ranging from 20 h.p. to i h.p., and I was 
surprised to hear that the author found it necessary to contradict 
the suggestion that farmers do not use power for farming opera¬ 
tions. However, the Table in Section 2.1 indicates that the 
majority of farms have very few motors, an average of about 
H or less. It is not, however, entirely the farmer’s fault that he 
is under-motored. The farmer, and especially the small farmer, 
has considerable difficulty in keeping abreast with modern ideas, 
and he does not know where to turn for expert advice on electrical 
machinery in particular. I suggest that there should be some 
means by which the smaller farmer could be kept informed of 
modern developments. 

Although the E.R.A. is an excellent clearing house for ideas, 
something more is wanted, such as a few centres dotted ovefthe 
country where electrical machines could be put on view under 
working conditions. Until some such scheme is started, it seems 
to me that no farmer, no matter how keen he is, can ever be fully 
mechanized, because he will not know how a certain operation 
which he is doing by hand can be done by electricity. 

What Mr. Leslie calls toil, I should call drudgery; there is 
no need for this drudgery, as I know from experience that ffiost 
of it can be eliminated. It is up to the farmer to eliminate it, not 
only to reduce labour costs and speed up work, but to encourage 
young men to stay on the land and youngsters to come into * 
farming. In no other industry would the workers stand for so 
much man-handling of materials as is common in agriculture. 

It is stated that it is better to use one motor for each machine— 
that is, the unit drive principle—-rather than one large motor to- * 
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drive a shaft, with several machines driven from it. We use the 
unit drive principle, as being more convenient from every point 
of view, but is it more economical? 

Maintenance is a very important question for all farmers, and 
especially for small farmers. Once they have electrical equip¬ 
ment in, they should be able to make a maintenance contract 
with the supply authority. We did that at the outset, and had 
two inspections a year of all the electrical equipment, including 
the wiring. That has now been reduced to one a year, two being 
found unnecessary. 

Regarding grinding, I agree that nearly every farmer wants a 
different degree of fineness, but a few years ago we carried out an 
experiment testing two degrees of fineness of grinding for feed to 
pigs, fine and coarse barley meal, and found no significant dif¬ 
ference between the two. I restrict my Essex mill, to three or 
four screens, and find this covers the requirements of all classes 
of stock. 

On the question of the pneumatic transport of grain, it seems 
to me that it is possible to eliminate nearly all bagging and sub¬ 
sequent, man-handling. The author mentions certain possi¬ 
bilities. The grain as it comes to a farm could be shot into a 
hopper and blown or sucked into overhead bins; it could then be 
fed by gravity into a mill on the floor beneath, and all the man¬ 
handling could be eliminated. This is very desirable, especially 
with sacfc:s weighing perhaps 2\ cwt. With driers, instead of 
bagging-off I see no reason why the grain from the drying plant 
should not go straight into large hoppers and then be sucked or 
blown out into tip lorries, taken straight to the millers, weighed, 
and tipped into their hoppers, to avoid the constant man¬ 
handling. 

Mr. T. S. Pick: As well as being an engineer I am a small-holder 
farmer and a firm believer in small-holdings. My comments 
therefore are based on the small-holder, and not on the big con¬ 
sumer with unlimited capital. 

I am convinced that there is a field for electrical development, 
even for the small load not connected to the main, provided that 
equipment is designed for the small continuously-run prime 
mover. The average land in this country will only produce a 
10 -fold yield of grain, of a type which millers do not want. 
Hence, I would chiefly devote my little arable to legumes, par¬ 
ticularly beans, though I hope that the haricot will be developed 
by plant breeders to form the most reliable type. The haricot 
is a clearing crop, taking little man-power, apparently enriches 
rather than depletes the soil, and has a 100-fold yield. I should 
feed the crop whole, both grain and haulm in the form of meal, 
the complete plant giving me approximately a balanced ration. 

Certain of the larger hammer mills would reduce the whole 
plant to meal, but, as the author indicates, such mills are ex¬ 
pensive and call for a heavy demand for power. I have prepared 
the design of a ball mill which would take a complete bale of 
beans (about 70 lb) and which would be left to rotate whilst 
other* work was carried out. Fineness of grinding does not 
appear to matter, provided all the seeds are cracked. The only 
screening would be to remove the balls. The same mill would 
deal with purchased grain, it would probably deal with cake, 
and it is in essence a mixing machine also. The whole could be 
manufactured and maintained by the village blacksmith, and the 
power consumed would be about 3 h.p. On this basis therefore 
it would be no use the author offering me a threshing machine, 
a grain drier, a hammer mill, a cake crusher, or a mixing machine. 

I am sorry the author dismisses field equipment so lightly, tor 
liquid/uel is quite a trouble on farms well away from a petrol 
panjp. My ^pinion is that every farmer needs three m- 
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propelled vehicles: a small crawler tractor, a convertible van or 
truck, and a car for the family. For both the latter his radius 
is limited to the nearest markets or school, so that electric 
vehicles would be very suitable. All three are never required 
together, and except for some dozen days in a year the power in 
the tractor need only be small, about 5 h.p. Moreover, I have 
found that with my 10-h.p. tractor I never use more than 4 gallons 
of petrol a day, and a large proportion of this goes in idling. 

It seems to me that two 100-volt, 300-Ah batteries would fill the 
bill, one in the car and one in either'“the truck or tractor, with 
provision to add the second battery to the tractor when heavy 
work up to 10 h.p. was required. 

I am much interested in the author’s mention of the low-load 
storage steam raiser. I have just completed the calculations 
which I was going to try out in practice of a unit which would 
be in effect low pressure, because I do not consider a steam 
accumulator suitable for unskilled labour, and the merit of such 
a scheme, in addition to low-loading and consequent high load 
factor, seemed to be in reduction of scaling on inaccessible parts 
with hard water. 

I suggest that it is time a complete range of low-voltage equip¬ 
ment be placed on the market at an acceptable price, and that 
farmers be encouraged to use this before electricity on the farm 
gets a bad name. 

Mr. L. Burdes (communicated): The recent introduction of 
legislation for enforcing minimum standards of clean-milk pro¬ 
duction and also definite standards of treatment for milk, such 
as pasteurization, is likely to accelerate the use of electricity by 
the farmer. Many farm buildings were erected in an age when 
working conditions differed very materially from those which 
will be accepted as normal requirements within the next decade, 
and it is very doubtful whether it will be possible to bring up 
to date buildings of that sort. This rebuilding will accelerate 
electrical development. Further, the farmer who is faced with 
having to rebuild will be tempted at the same time to qualify 
for the higher category of milk production. It is true that milk 
production is only one branch of farming, but the farmer who ' 
finds from experience that electricity gives good service in this 
connection will be inclined to employ it in others. 

The war would also have a tremendous effect in assisting the 
progress of mechanization. The younger men who h^ve been 
in the Forces or the factories will have spent a number of their 
impressionable years in close contact with machines of all types 
and will be anxious to apply their knowledge to farm operations. - 
Considering the electrical aspect, I should like to offer one 
comment in connection with the design of electrical equipment 
for farm use. Whilst ordinary industrial designs may be quite 
adequate for industrial applications, l am of opinion that it wilt 
be in our interests in the long run to employ some more robust 
designs for farm use. The average farm worker has been brought 
up to treat machinery and implements in a ^ery rough manner, 
and I think that designs should be put forward for equipment 
which will stand up to similar treatment. No doubt the time 
will come when the younger generation will have been brought 
up with different views, but I think that robustness is required 
at this juncture. It would be quite wrong, for instance, to 
assume that a tractor receives the same care and attention as 
even a commercial lorry. The older generation have been used 
to implements which would lie out in* the fields for months at a 
time, and we have to put forward equipment which will satisfy 
these farmers and faim workers. 

[lire: author’s reply to the above discussion will be found 
overleaf],; ' ■ v;,V- ■■" 
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THE AUTHOR’S REPLY TO 


Mr. C. A. Cameron Brown (in reply): I fully agree with Mr. 
Leslie that the major problem in post-war rural electrification is 
possibly to supply the large number of small farms of from 50 to 
150 acres with electricity and suitable equipment. It is not likely 
that they are so dissimilar in needs and uses that simple mass- 
produced equipment could not be contrived. A start has already 
been made in this direction with the small automatic hammer- 
mill now available in restricted quantities and at a very reasonable 
price, and with the self-contained 6-kW sterilizing chest. The 
former can meet all the grinding requirements and the latter all 
the sterilizing requirements of any farm in this class, and even 
larger farms. What is wanted is an order, not for a dozen, but 
for a hundred thousand of each. Who will be the responsible 
body: the N.F.U. or some electrical amalgamation? 

Mr. Grimmitt correctly points to a major difficulty confronting 
the progressive farmer, namely with regard to antiquated 
buildings which are still sound structurally. In similar circum¬ 
stances, the industrialist generally pulls down the old buildings 
and builds new ones, but in farming, ownership difficulties/* 
shortage of capital, and even sentiment, prevent the farmer 
doing the same. In any case, there is little collected information 
on what is the best' type of farm building. If the farmer 
must make do with old buildings, then electricity is the medium 
which can most easily enable him to mechanize, in spite of 
architectural and structural difficulties. 

Col. Johnson has apparently overlooked the reference, ad¬ 
mittedly short, to the use of electricity for field power made in 
the paper, and which is fully developed in a report now issued 
by the E.R.A., who are, by the way, not really so lacking in 
appreciation of the issues involved as Mr. Sumner appears to 
indicate. 

Mr. Sumner is also surprised at any question of difficulty in 
accepting 9- to 15-kW sterilizing loads. These are really addi¬ 
tional loads, and in an intense dairying district anything ap- 
, proaching a 100% connection raises the unwelcome prospect of 
increased m.d. charges, especially as a high diversity with dairy 
sterilizing equipment cannot be relied on. In his reference to 
purchasing or hiring schemes, Mr. Sumner strikes the same note 

* as I have already done in my reply to Mr. Leslie, and presumably 
he is prepared to put forward the supply authority as the respon¬ 
sible bofly to handle the bulk supply of equipment: there is much 
.to be said for this. 

^ Mr. Rowland draws attention to the bogy of “pressure” 
which has haunted the dairy bacteriologists and the dairy hus¬ 
bandry advisers for years, much to the detriment of dairy prac¬ 
tice. Fortunately, however, it is now possible to say that, largely 
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as a result of work being done by the E.R.A., evaporative capStity 
is now appreciated to be the significant factor; not only so, but 
with the regular steaming provided from an electrical set°a com¬ 
paratively low evaporative capacity will meet the requirements 
on most farm dairies. 

My experience does not make me as pessimistic as Mr. 
Golding in rating the handling capacities of farm workers; they 
have shown, on the whole, neither reluctance nor inability to 
handle any equipment so far put at their disposal. It is reason¬ 
able, too, to expect a continual improvement in this respect. 

Mr. Stevens’s remarks on the static conversion of three-phase 
to single-phase current are made probably in ignorance of the 
exact range of motors generally used on farms, where the con¬ 
ditions are very different from those generally associated with 
the static convertor. Farm motors are of all sizes, and on one 
farm may well range from the 1-h.p.pump up to the 15-h.p. thresh¬ 
ing motor. Nor need any of the equipment be compact or light 
Mr. McLean refers to American figures, but these aj;e rarely 
of any real value and do not seem to appeal to our farmers, who, 
in the case of water supply, for instance, are much more im¬ 
pressed by the fact that it costs less to pump water electrically 
than to buy mains water. 

I am afraid that the extra weight of Mr. May’s 1^ d.b.h.p. 
battery would certainly stop wheel-spin if weight were all that 
was wanted; it would probably not, however, improve the tractive 
efficiency. 

Mr. Pick’s proposed production by the local blacksmith 
can hardly be serious, but if he has a machine of the simplicity 
and effectiveness claimed he would be doing a service'by 
describing it fully in print. I dismissed the use of electricity 
for field power with no “lightness” but, as with poultry farm¬ 
ing, etc., with a respect for the space and time allotted. I must, 
however, ask why Mr. Pick would deny the small-holder the 
use of his car for the sheer pleasure of a trip to the seaside, 
and why he limits his travel to market and school? 

There is, too, some common ground between Mr. Pick and 
Mr. Burdes, and others, in having had some unfortunate experi¬ 
ence with men, and electricity, on farms. Who gives electricity 
a bad name on farms? I have come across no fatality, no 
outcry, no indignation, although I have covered a wide range of 
farming and farm conditions. Nor do I find that, on the whole, 
the equipment is not robust. I feel that electrical engineers 
would do well to have more confidence in the product of their 
industry, but at the same time they should ensure that at no 
point in the chain of its application is there a weak link caused 
by indifferent workmanship or attention. * 
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REMOTE SWITCHING BY SUPERIMPOSED CURRENTS* 

By J. L. CARR, M.Sc., Member.t 


rjljg vaper W as first received 23 rd December, 1943, and in revised form 2nd March, 1944. It was read before the Transmission Section 
1 10 th May , 1944.) * 

SUMMARY which relays designed to respond to the selected frequency and 


The paper briefly reviews methods for the centralized control of 
switching operations on distribution networks, by injection into the 
distribution system of currents which differ in frequency from the main 
supply. The superimposition of ultra-audio frequencies for limited 
and specific purposes, such as the protection or the remote switching 
of a transmission line, has not, so far, been employed to any large 
extent in this country, and is therefore beyond the scope of the paper. 

Several devices employed to respond to injection currents are briefly 
described; and the probable applications of this method of control are 
outlined. Particulars of the development of remote signalling over 
the network of a large electricity supply undertaking are given, together 
with reasons for the final adoption of the method selected. Particu¬ 
lars of the components of the equipment are given, and the power 
required is analysed for two frequencies. 


(1) INTRODUCTION 

The practicability of controlling, from a central point, load 
devices connected to distribution systems has long been the sub¬ 
ject of investigation. The need for such control arose primarily 
from the fact that, in many districts, electric street lighting was 
developed after networks had been laid down for other purposes. 
Also, with the greater areas covered, the centralized switching of 
street-lighting circuits by special conductors using the multiple 
(or parallel) system of supply frequently proved impracticable; 
with a series system of supply, this limitation was less acute. 
These conditions were met, to some extent, by the development 
of automatic time switches, which eventually reached a high 
degree of mechanical perfection. Nevertheless, the adverse con¬ 
ditions of installation, and the need for periodically resetting the 
time switches, called for regular attention and adequate repair 
facilities. The later development of electrically-wound switches 
fitted with astronomical dials tended to reduce the amount of 
attention required, but at increased capital cost. But these 
methods of control are somewhat inflexible and cannot take 
account of variable climatic conditions. Light-sensitive cells 
have been tried, but the low limits of illumination at which they 
were required to work, with small changes in illumination, 
militated against complete success. 

An obvious possibility was to superimpose a voltage with a 
different frequency on the ordinary supply voltage, to produce a 
composite voltage which could be later separated into its com¬ 
ponents by means of selective devices. A suitable combination 
of inductance and capacitance in series and in resonance at a 
selected frequency, would have a low impedance for that fre¬ 
quency but a relatively high impedance for other frequencies; 
while a combination of inductance and capacitance in parallel 
would give a high impedance for a certain frequency and a com¬ 
paratively low impedance for all other frequencies. Sensitive 
receivers couM therefore be designed for satisfactory operation 
at a superimposed frequency* ' . . 

About 1910, a system embodying this principle was patented 
• by Handcock and Dykes; a second patent in which Duddell 
paTticfipatedwg^ obtained in 1912. 1 Work on this development 
was interrupted by the last war, although in 1917 an installation 
piit ip atXeatherhea^ *n this system, in 

* Transmission Section paper. ; ’ 

( ■■■;; t Manchester Corporation Electricity Department. 


to definite pulsations were employed, pulsations of a superim¬ 
posed frequency were sent out at regular intervals. This installa¬ 
tion, and others in 1920 at Winchester, Tilbury and Crayford, and 
in 1923 at Douglas, Isle of Man, were put in by Oliver and Pell. 

A method of control utilizing a d.c. signal between a network 
and earth was described by Reeves in 1917. 2 A similar method 
using a spark generator to give high-frequency current and with 
sequence switching, was developed in this country about 1933 
and met with some success. These methods have obvious 
limitations. \ 

Meanwhile, investigations were proceeding in France on the 
application of multi-frequency signals to supply networks, with 
the object of providing a plurality of switching channels. In 
1928 the first large installation was completed in the Paris area, 3 * 4 * 5 
its primary functions being to co-ordinate the operation of a 
large number of double- and triple-tariff meters, and to control 
street lamps. By 1936 twenty-eight emission plants were in¬ 
stalled on the principal undertakings in Paris. The same method 
was employed in Maidstone in 1937; and similar small installa¬ 
tions in which the signal currents are injected in series with the 
feeders have since been completed in this country. Other in¬ 
terests have proposed to inject audio-frequency currents into 
supply systems in parallel with the system, and since 1938 
several installations of this type have been carried out. Detailed 
information on these developments has not yet been published. 

A somewhat different approach was- adopted in Germany in * 
1936. Instead of superimposing a voltage on the supply system, 
one phase-voltage was momentarily suppressed by a high-speed 
circuit breaker, and the resultant voltage distortion employed to 
actuate remote relays. 7 - ^ ; 

(2) METHODS OF INJECTION 
The manner in which the superimposed current may be intro¬ 
duced or injected into a supply system, will vary considerably 
according to the extent of the system; the area over which simul¬ 
taneous signals are to be- transmitted; the desired dr available . 
rating of the injection equipment; the frequencies used; and the 
signal strength necessary to actuate relays at various points in the 
distribution networks. Engineering technique and economics 
also play important parts in the final selection.: . 

The variants are divided broadly into those in which the in¬ 
jection is made in series with some part of the system, and those, 
in which the injection is made through a tee connection, in 
.parallel with the system. In the former method, that part of the 
system into which the superimposed current is injected should 
hot be interconnected with other parts not receiving the in¬ 
jection By injecting in rotation into different sections of the 
system, the rating of the ripple generator can be reduced. With 
parallel injection, the same subdivision of the system cannot 
easily be achieved, and the equipment must therefore be of higher 
rating for the same signal strength; signals are; however, trans¬ 
mitted simultaneously over larger areas of supply, instead of in 
sequence. ' . 

The simplest application of the series method is to. provide.in¬ 
jection transformers in each feeder or group of interconnected 
to connect the ripple generator in turn to the various 
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Fig. 1.—Injection arrangements. 

0 a ) Series injection on feeders. 

(6) Series injection in group feeder. 

(c) Parallel injection in generator circuit. 

(d) Independent parallel injections. 

(e) Neutral series injection. 


feeders (Fig. la). The Paris installation is the outstanding 
example of this method. A similar result may be achieved by 
injecting into the whole of one section at the same time (Fig. l b), 
using an injection equipment of increased rating. With parallel 
injection, a single connection to the busbar would be required, 
„ as shown in Fig. 1 c. In all these methods, three-phase ripple 
equipment would be employed, the superimposed current 
travelling through the load at the remote end, and through the 
generator (or supply transformer) windings at the supply end. 
The main'differences are principally constructional; in the first 
example? a relatively large number of injection transformers 
have to be erected in the high-voltage feeder cubicles; in the 
second, the injection transformers have to be inserted in the 
group feeder, generator, or transformer circuit, according to cir¬ 
cumstances; and in the third case the transformer for injection 
is independent of the other circuits. Apparatus in the first two 
examples must be capable of withstanding the effect of the full 
short-circuit power of the system for all ongoing faults. In the 
third case, the apparatus does not carry short-circuit current 
for system faults. By installing a circuit-breaker (Fig. Id), 
the injection equipment may be isolated from the system 
when not actually in use, and existing connections remain 
undisturbed. 

Parallel connection to the supply system may also be effected 
by capacitors, instead of transformers. 

Where current is injected into a three-phase four-wire system 
it may conveniently take the form of single-phase current or 
even direct-current interposed between the star point of the 
supply transformer and the neutral conductor (Fig. le). With 
this arrangement, only those loads connected phase-to-neutral 
c^rry the superimposed current, enabling the rating of the injec- 
tion equipment to be reduced. The method is, however, some- 
yyhat restricted in application. 

Busbar-sectionalizing arrangements on larger Mgh-ypltage 
systems may'make it difficult to provide approximately equal 
sigpal strengths at different parts of lower-voltage systems. For 
example, in the arrangement in Fig. 2, the several sections of 


feeder busbars are supplied from the main (generator) busbars by 
group feeders in which reactors are installed. Short-circuit Con¬ 
siderations indicate that injections might, with advantage, be 
made on the feeder sections. The large number of feeder cir- 
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Fig. 2.—Modification of single parallel injection to multiply or series 
injection, to give approximately uniform signal strength on out¬ 
going feeders. 

cuits, only a few of which are shown, suggests that parallel in¬ 
jection is to be preferred to series injection. The interposition 
of reactors between the injection bars and the generators $nd 
transformers in shunt would be an added advantage in parallel 
injection. The selection of a single point of injection on one set 
of feeder busbars would, however, necessitate the transfer of the 
bulk of the ripple current through one reactor to the generator 
busbars; a loss through the generators in parallel; and the distri¬ 
bution through group-feeder reactors to the other feeder sections. 
A uniform ripple voltage on feeders could not, therefore, be ob¬ 
tained, the disparity depending on the reactance, ripple current 
and frequency employed. To obtain approximate equality of 
signal, two methods are available: with parallel injection, to pro¬ 
vide an injection point on each feeder section; or, with series in¬ 
jection, to install injection transformers in the group-feeder cir¬ 
cuits. The latter method was, it is believed, adopted in one 
installation. 

(3) VOLTAGE AT POINT OF INJECTION 
Most large supply undertakers operate an interconnected 
transmission system at 20 kV or above, with main substations 
transforming to a secondary high-voltage for feeding trans¬ 
formers for works supply and distribution networks. For the 
simultaneous reception of signals over the whole area, injection 
into the transmission system presents obvious advantages. 
Problems of robustness and insulation of apparatus employed at 
the high voltage and high short-circuit duty required would be 
considerable, particularly if a large number of series trans¬ 
formers were to be employed, while the interconnected character 
of the network would generally increase the difficulties of series 
injection. Injection at the secondary high-voltage would require 
several ripple generators, whose action might be synchronized by 
pilot cables to a central point. Insulation problems would be 
much easier: but, even so, the provision of large numbers of 
feeder-injection transformers would be a formidable task! „ > ' 

Injection into distribution networks would pfimit the use of 
simpler equipment, but would need a large number of generators 
to cover the whole area. Their relatively low first-cost would 
facilitate the gradual adoption of control by superimposition. 
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without high iilitial capital expenditure. On 
the other hand, fully-centralized operation 
would only be possible with a large number 
of pilQt wires, or some other superimposed 
system of control. 

In one method, relatively weak signals were 
transmitted over the high-voltage system and 
amplified at the medium-voltage terminals of 
distribution transformers by valve regenerators. 


(4) FREQUENCY SELECTION 
The selection of the operating frequencies 
must necessarily be a compromise between 
remoteness from the more likely system har¬ 
monics and other factors. Distributed capaci¬ 
tance of the cable networks, and inductance 
at transforming points and reactor positions, 
give the system a characteristic tuning curve. 

By adding capacitance and inductance to a 
tuning circuit, connected to a ripple generator 
to give approximate resonance, maximum use 
can be made of the generator rating for a 
selected frequency. With increasing frequency, 
more current is diverted through cable capaci- p;<,. 4 .—High 

tance, and more voltage is required at points 
of reactance, with further increased capaci¬ 
tance current.. Moreover, eddy-current losses in transformers 
increase as the square of the frequency. Generally, the larger 
the network, the lower is the tuning frequency and the lower 
the losses relatively. In the earlier installations the frequencies 
used were usually based on tests on the system concerned but 
as more service data become available it should be possible to 
decide in advance on the optimum frequencies. 

The power input to a ripple motor-generator at two fre¬ 
quencies and the signal voltage at a point in a distribution net¬ 
work, compared with the ripple current output for a large sys¬ 
tem, are shown in Fig. 3, the system load condition being ap¬ 
proximately constant during the measurements. 


f_ _1 'A A A . 
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Fig. 3.—Relation between power input, slgnal 

voltage at two frequencies; system load 178 mw. v , 


Wave form of 440 volt 
works supply with 3*ovolts 
at 490 cycles injected 

i-speed cathode-ray oscillogram for 2 superimposed frequencies 
during an actual operation. 

(5) WAVE FORM DISTORTION 
The wave form of the supply is obviously modified by the 
superimposition of an audio-frequency current. Diagrams pur¬ 
porting to show this effect, in which the approximate outline 
of the sine wave of the fundamental frequency forms the base 
of a small sine curve at the higher frequency, have been pub¬ 
lished. This effect is also revealed by the cathode-ray oscillo¬ 
scope, and if the superimposed current has a frequency differing 
from that of a harmonic of the supply voltage, the injected sme 
wave appears to travel along that of the fundamental. ' 

In practice the distortion of the wave form of the supply 
voltage is much less pronounced; this is shown by the traces _of 
a high-speed cathode-ray oscillograph, reproduced m Fig. 4, tor 
two superimposed frequencies during an actual operation. As . 
expected, the distorting effect of a ripple of approximately l/ e ts , 

very small. ^ RECEPTION OF SIGNALS 

The design of receiving apparatus is governed largely by the . 
type of signal sent out. Where machines are employed to 
generate ripple frequencies, only one frequency may be trans¬ 
mitted at a time. For one system making use of valve oscillators 
it is claimed, however, that more than one signal can be sent out 
simultaneously over a local network. ,• 

In one system, single frequencies are emitted for a definite 
period, correct selection depending on careful tuning of the re¬ 
ceiving relays and the relatively high voltage required, A 
separate frequency is required for each signal. . . .. 

Another method uses two frequencies for each signal, the 
number of channels available being the product 
of base and operating frequencies employed. A third method 
uses a limited number of frequencies, ^d sen^out pute^ 
selected duration at each frequency. The number of channel 
provided is then the product of the number of npple frequencies 
employed and the number of pulsatiop frequencies. 

. One relay used in conjunction with senes injection is of the 
vibrating-reed pattern, the coils being tuned electacally for 
sharper response. The sympathetic vibration of the reed actuates, 
through a ratchet wheel, the opening or closmg of a switch. Close 
accuracy oTsetting is claimed; the input required is about 0-15 VA. 
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For a system of interrupted injection, the relay is tuned elec¬ 
trically to respond to the ripple frequerfcy. Two swinging 
armatures with natural frequencies corresponding to the pulsa¬ 
tions of the mains are deflected by the repeated impulses, the 
duration of which may vary from 0-5 to 2-0 seconds. The 
repeated pulsation at the selected frequency causes eventual 
operation of the relay. A sensitivity of 0*3 volt is claimed. 

A relay working on a slightly different principle is the 
vibrating-reed type with three reeds. Each reed responds to a 
certain frequency, one a *base frequency which opens a switch 
and allows the operating portions to be energized; one for closing 
the circuit; and the third for opening the circuit. Near the root 
of each reed is a light bouncing contact, which, when at rest, 
short-circuits the heating coil of a thermostatic switch. The 
relays coils are tuned electrically, and the reeds mechani¬ 
cally, to the desired frequency. When the base-frequency reed 
vibrates, the contact bounces slightly, allowing the heating coil 
of the locking switch to be energized intermittently. The switch 
then opens, and this removes a short-circuit from the operating 
winding of the other reeds. Immediately afterwards, injection 
of the first operating frequency causes the corresponding reed to 
actuate a thermostatic switch, which moves to the “on” position. 
This operation is repeated later using the base frequency and the 
second operating frequency, causing the remaining reed to bring 
the switch to the “off” position. The base locking switch resets 
after a certain time. The load imposed by the bouncing contact 
is so small that the frequency characteristic is not appreciably 
disturbed during operation. The operating power required is 
of the order of milliwatts. 

In another method, direct-current bias is introduced into the 
neutral of a distribution transformer. A polarized relay is 
closed at one polarity of the injecting battery, and opened 
when the battery is reversed. To obtain a number of control 
channels, a series of impulses is sent out, the intervals between 
them being determined by a synchronously-driven interrupter. 
At the receiving end, the first pulse starts up a synchronous clock 
which drives an arm over a series of contacts. If the second 
pulse is received when the contact arm is on the selected contact, 
the local relay is operated, but not otherwise. The contact arm 
arrives at the starting position in readiness for the next signal. 

/• A specially designed transformer type of choke is embodied to 
keep the induced voltage exactly equal and opposite to that of 
the mains; the relay thus responds to d.c. bias only. The sensi¬ 
tivity is claimed to be about one volt or less. 

(7) probabLe requirements for remote switching 

In this country, the load most suitable for remote switching is 
probably that due to electric street lighting. Where individual 
lamps are switched* time-switch control, or remote switching by 
superimposed currents, can give a considerable saving. Where 
group switching through underground cables is adopted, reduced 
investment and operating charges with time switches are partly 
offset by increased cable costs; this possibility is therefore less 
favourable for economic comparison. The only data available 
are costs for hand-wound hand-set time switches, obtained 
several years ago on a system with 12 000 public electric lamps 
connected to street^hghting circuite, with an average of 32 lamps 
per switch pillar, or 8 per time switch. In the absence of more 
precise information, the maintenance cost of relay and contactor 
to perform similar duty is assumed at 2 s. 6 d. per annum. Com¬ 
parative costs are shown in Table 1 . 

On a 10-year repayment basis, this margin, corresponds , to 
xA 13s. 2$* per switching position, towards the initial cost of 
injection equipment; or, on a 20 -year basis, £7 14s. 6 d. 

Possibilities can be appraised from the number 
^^ptching positions and the capitalized cost of the central 
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Table 1 . —Comparison of Annual Time-Switch and Relay 

Costs 


Item 

Time switch 

Relay and 
contactor 

s. d. 

s. d. 

Capital charges . 

Winding and setting (weekly) 

Repairs 

Maintenance, say . 

Available for injection equipment .. 

13 4 

6 2 

6 4 

11 6 

2 6 

14 0 

11 10 

Total 

25 10 

25 10 


equipment. If, furthermore, the system can be extended to other 
switching operations, its cost will be reduced in proportion. 
Control of storage water-heaters is a suitable application, and 
the saving in maximum-demand costs, particularly with bulk 
supplies, may be substantial. In one small equipment this 
saving was claimed to have more than covered the total cost of 
the installation in a very short time. Probable developments in 
the use of low-temperature heating systems might be amenable 
to this form of control, with further savings in supply costs. 

Late shop-window lighting, and other forms of illuminated 
advertisement devices, are also suitable for remote control, as 
well as double-tariff meters and restricted-hour supplies. In 
some instances at least the simultaneous resetting of maximum- 
demand indicator mechanism might prove advantageous. Other 
possible applications may be envisaged. 

Any system of remote switching should be capable of giving 
a plurality of control channels, and of expansion within these 
limits as and when required. Most of the probable applications 
now use time switches. As cheap synchronous clocks without 
reserve springs are not considered to give a sufficiently high 
standard of performance for the more important duties of street- 
lighting and load control, more expensive types must be adopted 
if winding costs are to be reduced. 

To permit the capital costs of the central equipment to be met 
in limited applications of remote control, the cost of the relays 
should be reasonably low and the design and construction 
sufficiently good to minimize maintenance costs. It is, however, 
significant that the Hollywood installation was undertaken to give 
* a better street-lighting service, and not primarily for economy. 

( 8 ) APPLICATION TO A LARGE SUPPLY SYSTEM 
(8.1) Preliminary Investigations 

In the latter part of 1934, small-scale operations using local i 
transmitters were commenced employing a single frequency and 
sequence switches for controlling a section of public-lifting 
circuits. The facilities were considered inadequate for extended 
installation, owing to possible requirements of water-heater load 
control and similar uses. In 1936, the desirability of such 
centralized control was einphasized by the introduction of air¬ 
raid precautions. 

Sections of the ^ and late in 1939 testsy 

were carried out to determine whether emissions could be used 
on the transmission system to operate relays throughoutyiie 
distribution networks. By that time, one major application, 
namely the control of street lamps, had become temporarily 
superfluous, and was replaced by the need for central!zed A.R.P: 
control. More than a year later authority was received to install 
the equipment, and the apparatus was finally put into service d 
August, 1941. 


, _ _ . .. . . t .. ... ^ 
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(8.2) System Particulars 

The area is supplied from two main generating stations, A and 

B, through a 33-kV underground transmission system. In 
statiofl A, generation is at 6*6 kV, which is fed direct to the 
station’s main busbars. Each main busbar section is connected 
to the transmission system by a 6-6/33-kV transformer. Group 
feeders from the generator busbars supply, through reactors and 
step-by-step booster transformers, feeder busbars, from which a 
considerable load is distributed by 6* 6-kV feeders. At station B, 
part of the plant generates at 33 kV; the other machines are 
directly connected to machine transformers stepping up to 33 kV; 
all switching is at this voltage. Connection to the 132-kV 

C. E.B. system at this station is through two large transformers. 
The generating stations are approximately nine miles apart. In 
station B, the busbar sections, each with its own generator, are 
synchronized through reactors and a tie busbar. Adjoining 
sections are not normally coupled directly when the appropriate 
generators are on load, because of increased duty on the switch- 
gear. At station A, a similar synchronizing busbar is planned, 
but has not yet been installed. Neighbouring boroughs are 
supplied at transmission voltage from two sections of station B. 
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equipment. Each ‘distribution feeder may supply on the .average 
three or four distribution or works substations, where‘the voltage 
is stepped down to the standard 400/230 volts for local use. 
Isolated distribution networks, i.e. without medium-voltage 
feeders, are employed as standard at this stage of development. 
At substation C, a 6-6-kV generator is connected for use during 
peak-load and emergency periods. 

Details of the system at the time the injection plant was in¬ 
stalled are given in Table 2. 

Table 2.— -System Particulars 


Load on associated systems at 33-kV .. 

50 400 kW 

System load ... .... 

197 300 kW 

Number of main substations or sections 

15 

Distribution substations .. .. .. 

282 

Consumers’ substations .. .. 

242 

Cable miles: 33 kV .. . 

150 

6*6 and 11 kV .. .. .. 

420 

400-volt. 

Number of h.v. distribution feeders from main 

1216 

substations .. .. .. .. . • 

151 ' 


Fig. 5. —33-kV system layout with generating stations A and B about 
9 miles apart 

The main transmission system (Fig. 5) comprises trunk feeders 
and interconnectors supplying main substations where the 
voltage is stepped down for high-voltage distribution at 6*6 kV. 
In three of the largest substations, two busbar sections are 
operated independently on accoimt of high short-circuit values : 
these form in effect two substations on one site, and are shown 
as such in the diagram.. 

^TJje* lower-voltage side of the main transformers supplies bus¬ 
bars Jo which ^dependent systems of 6 * 6-kV distribution feeders 
are connected. Generally, these feeders are radial, with a limited 
amount of interconnection on the same section where it is 
'necessary and practicable to provide discriminative protective 


The alternative injection points selected are shown in Fig. 5 
on the two 33-kV busbar sections at station A. Superimposed 
current from either of these points therefore passes through 
several feeders in parallel to a number of main substations, and 
then to the appropriate busbar section at station B. It then 
divides through the tie-busbar reactor system to other sections. 
Owing to this subdivision of current, and the relatively high 
current rating and low impedance of the reactors, the loss of 
signal strength on these other sections was not expected to be 
serious. 

( 8.3) Considerations Affecting Selection of Method 

The desiderata outlined previously are capable of being more 
or less met by all the systems considered. Final selection is 
therefore governed by local considerations. 

Before deciding to install superimposed-cuirent-injection 
equipment, a comprehensive scheme for the installation of super¬ 
visory equipment had been worked out and would have given , 
centralized control of a large number of distributed equipments, • 
if the supervision had not been limited to the more important 
distribution points only. Injection equipments on local network 
would, moreover, have rendered maintenance more exacting at 
a time when reduction of staff was becoming serious. Also, « 
when the decision was made, the potential uses of the equipment 
were restricted. 

Series injection could not easily be applied to the main trans¬ 
mission system, and the many secondary high-voltage feeders 
involved precluded the use of injection transformers on each 
feeder. Injection into sections of the high-voltage system by 
employing coupling transformers in main-transformer secondary 
connections and group feeders only, would have simplified the 
problem; but a necessity for the simultaneous operation of wide- * 
spread devices imposed a further limitation, and this practically 
ruled put the series method. 

In die circumstances, a single equipment for parallel injection 
offered definite advantages, provided that the rating of plant re¬ 
quired could be kept within practicable limits. 

At the time, arrangements were being made to replace the 
tra^formers at station A by others, each of 40-MVA, and earth¬ 
ing transformers were included to .make the high-voltage neutral 
available at this point. The projected installation of two 
earthing transformers on which injection windings could be 
erected during manufacture at relatively low cost, still further 
simplified the question of installation; also no additional high- 
voltage switchgear would be necessary. Tests on the system 
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showed that this layout was practicable, and it was decided to 
provide the necessary windings on the earthing transformers in 
anticipation of further developments. 

The equipment finally ordered was designed for a system with 
a maximum load of *200 000 kVA, and to be capable of dealing 
with an increased load of 250 000 kVA. This is by far the largest 
installation of its kind ever undertaken. Several equipments for 
r ripple control have been installed in the United States on smaller 
networks, the largest being about 18 000kVA. Individual 
sections of the Paris system are equipped with series equipment 
involving automatic switching in sequence. None of the other 
* r installations made in this country is on such an extensive scale. 

(8.4) Equipment Particulars 

Transformers: The earthing transformers installed are rated for, 
18 500kVA at 32 kV, 50 c/s, and can pass a neutral current of 
1 000 amperes. The emission winding is designed for 3 000 
volts, and can carry a current of 260 amperes at 540c/s on the 
low-voltage side for 15 minutes every two hours. Under these 
conditions the copper loss is 13 kW. At 50 c/s the impedance 
is 14*3 ohms per phase, referred to the high-voltage side; it rises 
to 137 ohms per phase at 540 c/s. Either transformer may be 
selected for injection; as the winding constants are not exactly 
Similar, an external fixed air-cored reactor is employed to 
equalize the two impedances. This allows the remainder of the 
injection equipment to be used on either transformer without 
adjustment. 

Generating Equipment: The generator is an inductor-type 
machine designed to give 200-kVA, three-phase, at 370-590 c/s, 

1 387*5-2 212*5 r.p.m. The armature coils are carried in semi- 
enclosed slots in the core, which is divided into two parts. A 
stationary field-coil is mounted between the two half-cores and 
surrounds the magnetic circuit of the machine; the coil is fed 
from a 210-V battery. The pedestals are of non-magnetic 
material, with the outboard pedestal insulated from the bed¬ 
plate, to avoid a shunting magnetic circuit and to protect the 
bearings from circulating current. The driving motor is rated at 
21(V volts, 750 amperes (157*5 kW), and is supplied from the 
r station battery, to ensure permanence of supply under all 
conditions 

r # A 50-c/s rejector circuit with an oil-immersed capacitor and 
an iron-cored choke is inserted in the output circuit to limit the 
amount of 50-c/s current entering the generator. A tapped air- 
scored reactor is used with a tapped capacitor to regulate the 
power factor of the ripple-generator load at the selected fre¬ 
quencies. The general arrangement is shown in Fig. 6. 

A control board is located at the power station, and a smaller 
control board for certain operations only is fixed at a remote 
location and connected by means of private telephone con¬ 
ductors to the control panel. An additional remote-control point 
has. since been connected by telephone lines to a third control 
position for security reasons. 

(8,5) Operating Information* 

The equipment as originally designed employs ten different 
frequencies ranging from 370 to 590 c/s in 20 c/s steps, with 
the omission of those corresponding to system harmonics. Four 
of these frequencies are used as base “gate” or unlocking fre¬ 
quencies, and the six others for operating control switches on 
apparatus. . Thus, 24 operating channels are available. Apart 
from the initiation of the process, the operation and regulation 
pf the variable-speed motor-alternator and injection equipment 
£ is entirely automatic and direct, without the use of gearing. All 
that is necessary after ensuring that the isolating switch to the 
19^4 TIle ^* of ^ first three paragraphs in this Section was received 4 tii Aughst, 
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Fig. 6.—General arrangement of injection circuit. 


injection transformer is closed, is to rotate the frequency selector 
switch to the appropriate position and to press the “start” button. 
The starting contactor closes; the motor revolves and other con¬ 
tactors progressively short-circuit portions of the starting re¬ 
sistor until the armature is connected directly across th^ supply. 

The field of a pilot generator on an extension of the main 
shaft is then energized, this machine being used for frequency 
control. Other contactors select appropriate tappings in the 
tuned circuits of ripple-frequency and voltage relays; adjust 
motor field and generator field; and select tappings on the in¬ 
jection reactor and condenser. * 

The injection contactor is now closed and the base frequency 
injected for one minute, after which the speed and other condi¬ 
tions are altered automatically and the operating frequency sent 
out for a further minute. The machine then shuts down. During 
injection, speed is maintained constant by means of a ripple- 
frequency control relay having two opposed elements acting 
differentially and connected to the pilot generator. These ele¬ 
ments are connected respectively to circuits tuned for frequencies 
slightly above and below that desired, so that the relay response 
is extremely sensitive. This characteristic, together with the 
relatively high inertia of the machine and the constancy of the 
battery supply, results in extremely close speed maintenance after 
the first few seconds. The relay causes a motor-operated rheo¬ 
stat in the motor field to move in the correcting direction. The 
output of the main machine is governed by a ripple-voltage con¬ 
sol relay, connected to low-voltage supply mains through a 
band-pass filter. The filter gives substantially uniform response 
for slight departures from the set frequency, thus ensuring 
voltage stability; and it separates the mains voltage from the 
ripple voltage, which is then rectified and applied to the sensitive 
moving-coil relay. 

The equipment was put into limited service until conditions 
became normal. As a temporary measure, it was decided to 
dispense with the base or locking frequency, and to operate 
relays on single frequency only for one particular service, thus 
reducing the operating time. This necessitated a modified design 
of relay. It was desirable to receive this broadcast signal over 
a wide area covering the whole district of supply <ff the mis¬ 
taking and the districts covered by bulk-supply undertakers fed 
therefrom, as well as another system connected directly there- 
to. The total number of relays concerned was, however, not 
very large. , * ' 

Comprehensive pre-commissioning tests with the actual in¬ 
stallation were not practicable, and some “teething” troubles were 
inevitable. Also, during installation certain urgent recon- * 
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struction had to be undertaken which disturbed the normal 
sy S tem arrangements. This reacted unfavourably on the initial 
performance of the equipment until the reason was appreciated 
and cer&in alterations were made in control connections. During 
this time the earlier relays suffered from frequency drift, which 
an examination by the manufacturers showed might be due to 
chemical action on the plating of the reeds. All reeds in the 
earlier relays were therefore changed for an improved type, after 
which irregularities in operation were greatly reduced. 

During the early stages, fifteen instances of inadvertent opera¬ 
tion of apparatus controlled by relays were reported. Of these, 
three were due to defects in individual relays; five to local voltage 
distortion; and the remainder to unauthorized interference with 
the apparatus, or to faults on the associated circuit or apparatus. 
As an example, voltage distortion occurred at a cinema where 
two rectifiers were installed, one for cinema projection and the 
other of 2-kW rating for battery charging. Investigation showed 
sufficient distortion at the service position to cause occasional 
operation of the ripple relay. Contrary to expectation, this 
proved to be due to the operation of the small rectifier connected 
to sub-circuit wiring of small section *and considerable length. 
The provision of adjustable smoothing apparatus at the rectifier 
removed the cause of the trouble. 

The reliability of the apparatus is shown by the particulars of 
operation® over more than two years given in Table 3. The 

Table 3 .—Operating Performance of Relays and Controlled 
Apparatus 


Period 

Number of 
operations 

Faulty 

relays 

Faulty 

apparatus 

1941, Aug.-Dee. 

13 

% 

1-38 

% 

115 

1942, 6 months 

3 

0*17 

0-67 

1942, 6 months 

6 

0*37 

1-83 

1943, 6 months 

3 

0*67 

4-00 . 

1943, 6 months 

5 

0*10 

2-40 


heading “Faulty apparatus” includes blown fusible cut-outs on 
the supply to the controlled apparatus. Six-monthly periods 
have been chosen for convenience. The differences in the per¬ 
formances of relays and apparatus respectively are striking, and 
show the high degree of reliability of the relays. 

(8.6) Ripple Power Required 

The power input required for the ripple generator to provide a 
given signal strength at distribution networks may be derived 
from Figs 3 for the frequencies employed. Since each relay re¬ 
quires only a few milliwatts of ripple energy for response, many 
thousands of relays may be connected without materially altering 
the power required at the central station. The efficiency of 
utilisation of the signal is extremely small, judged by ordinary 
standards. The signal voltage determines ,the power required at 
a given frequency, other things being equal. The. advantage of 
sensitive relays is therefore very great: but low .signal voltages 
can only be employed without inadvertent operation, if the relay 
design and the method of actuation have been carefully thought 
out. ■ i • 

A^ consuming devices, generators and transformers connected 
to the systenTabsorb current under die influence of the ripple 
voltage, and current will also pass through cable capacitance. 
Losses occur throughout the system, at transforming points, in 
Ithcvrip^e generator" and inassociated equipineht. . 

So many variSbles are involved that no close analysis without 
considerable experimental data is practicable. It is, however, 
estimated that at 500 c/s the current passing \into the cable 
capacitance of the system under consideration is of the same 


order as, but in approximate quadrature with, that passing into 
the system load during day-load periods. . 

An extensive experimental investigation at several frequencies 
has not been possible up to the present. But Table 4 has been 


Table 4.— Separation of Loss at 250 Amperes Injection for 
Two Frequencies 

System Load Approximately 160 MW 


, Item 

At 410 c/s 

At 590 c/s 

No-load loss in generator 

.. kW 

8 

11 

Loss in generator and injection equipment kW 

18 

25 

Loss in injection transformer 

.. kW 

5 

10 

Loss in system and connected devices 

.. kW 

12 

18 

Total .. .. 

,, kW 

43 

64 

Signal voltage . 

.. V 

1*7 

2*4 


prepared from the available data, and shows how the power 
required is expended when a current of 250 amperes is supplied 
from the ripple generator. 

It will be noticed that, owing to the relatively high rating of 
the high-voltage windings, the transformer loss, though appre¬ 
ciable, is very much less than if it had been designed for values 
of the injection current alone. This loss may be largely elimi¬ 
nated by employing capacitive coupling instead of inductive 
coupling. In another area, it is understood that the power 
required for satisfactory network signals was much reduced by 
replacing the transformer by condenser coupling. 

The proportion of the power input absorbed by the system is 
lower than anticipated; this item must be expected to vary with 
the system load, and isolated readings indicate that this is so. 

(9) CONCLUSION 

Considerably more detailed information of these control 
methods should be made available when the war ends. The 
details in the paper provide a better understanding of the re¬ 
quirements, and encourage confidence in the future application 
of this method of control. No trouble has been experienced 
with the generating and control equipments, and the installation 
is regarded as a sound engineering job. Apart from slight initial 
trouble with relays, their performance has been highly satis¬ 
factory. Some difficulty in reception was experienced on one 
adjoining system, due principally to the reactive devices em¬ 
ployed; at one location where a large power-factor-correction 
capacitor was installed, the signal strength was found to be very 

low. These isolated experiences emphasize the need for a careful 

survey of the optimum injection values. v . -• 
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DISCUSSION BEFORE THE TRANSMISSION SECTION, 10TH MAY, 1944 


# Mr. H. Nimmo: This is the first paper before The Institution 
since 1939'to deal with remote control by superimposed currents, 
and as it deals with a relatively new technique it is very welcome. 
Manchester Corporation Electricity Department have experi¬ 
mented with carrier-current systems for some years and have 
now developed what is perhaps the largest system of centralized 
control by superimposed currents in the world. The author has 
given some details of the various carrier-current systems in use, 
but his paper provides only scanty information on the Manchester 
system. A great deal more information on this subject is de¬ 
sirable at this time of transition from the experimental to the 
practical stage. 

. The author refers to the French system which we know here as 
the Actadis, or “Action-at-a-Distance” system. The funda¬ 
mental difference between the Manchester equipment and the 
Actadis is that in the former parallel injection is used, whereas 
• the French use series injection. There may be a good deal of 
discussion as to which is to be preferred, particularly from the 
point of view of interference with other systems. 

The French are a practical people, and some years ago the 
Cie. des Compteurs, one of the largest meter-manufacturing con¬ 
cerns in Europe, purchased the Marseilles Electricity Supply 
undertaking for the express purpose of experimenting with and 
perfecting their carrier-current system. When they had suc¬ 
cessfully completed their investigations, they sold the undertaking 
back to the original owners. 

The Paris electricity supply companies then adopted the system 
(1) for operating at specified times each day the triple-rate meters, 

' (2) for street lighting, and (3) for some other purposes. If the 
Manchester equipment proves to be as reliable as its Paris 
counterpart a great advance will have been made. 

In view of the rapid development of such systems just prior to 
the war^the Electricity Commissioners considered the possibility 
of standardizing ripple-control systems and frequencies, but owing 
to the large amount of experimental equipment then in use 
standardization was considered to be somewhat premature. 
What the Commissioners really wanted was to find a means 
whereby a carrier-current system in one network did not spill 
over into adjacent networks and cause mal-operation of the relays 
in a neighbouring system. 

The British Standards Institution co-operated in this matter, 
and several conferences with the interested parties were held 
which resulted in a draft clause for inclusion in the Commis¬ 
sioners’ Safety Regulations being agreed upon. This clause has 
not yet been put into the Regulations and may not be known to 
many people. It reads as follows: 

“An undertaker shall not install a new or operate an existing 
npple-control installation unless he is satisfied that the method of 
signal injection and layout of the undertaker’s own network an d 
that of adjacent networks preclude any possibility of the ripple 
transrcHssion creating in any such adjacent network (even if the 
latter is fed from the busbars of the same undertaking) a ripple 
signal which could, w 

(a) operate or interfere with any receiving relays which might be 
r installed in the neighbouring,network, such relays being 
presumed for this purpose to be of identical type and tuning 
t0 tilose ^ch 11 is Proposed to install; and 
{b) operate or interfere with any receiving relays existing ip the 
" forltl^rip^ 03 '^ ^ ^-hetirne of the placing of the contract 

Tlwse are exacting requirements, and it would be good if the 


author could assure us that the Manchester ripple current will not 
affect the relays of some neighbouring undertaking and cause 
their mal-operation. 

He has given some useful data on operating performance, and 
if the present record can be maintained there ought to be a good 
deal of further development of carrier-current control systems. 
Apart from its use for central street-lighting control, it may be 
very useful for load levelling purposes by controlling off-peak 
loads. 

Mr. J. R. Beard: As a member of the Students’ Brains Trust, I 
was interested in one of the questions which has considerable 
bearing on the subject of this paper. It was: Will it be necessary 
or advisable to set up a body for the allocation of injection fre¬ 
quencies? As the author has given so much study to the charac¬ 
teristics of the various systems, it would be most valuable to have 
his views on this point and on the general point of whether there 
are any other features on which it is desirable that standards 
should be laid down at an early stage. Admittedly <there is a 
risk of premature standardization cramping development, but on 
the other hand a certain amount of judicious standardization in 
the early stages might save much trouble later. If the author 
feels that there is a case for considering some degree of standardi¬ 
zation at the present time. The Institution'could readily bring the 
matter to the notice of the British Standards Institution. ' 

Mr. T. W. Ross: There are three outstanding points to be con¬ 
sidered in the application of ripple control to power networks: 
(a) The limitations imposed by the network, its switching and 
transforming arrangements, together with any current-limiting 
reactances which may be included. ( b ) The drain of signal 
current into adjoining networks, including the Grid, (c) The in¬ 
troduction of sufficient signal current to give an adequate signal 
voltage at all points on the l.v. networks at which signalling is 
desired. 

The limitations imposed by a normal distribution network are 
chiefly current-limiting reactors and power-factor-correcting 
static condensers, although in certain circumstances transformer 
feeders may be troublesome. The ripple current will distribute 
itself throughout the power network in inverse proportion to the 
impedance of the various parallel paths, and as the frequency is, 
of course, higher than the power frequency, it is obvious that 
current-limiting reactors will increase the impedance of those 
parts of the network with which they are in series. 

Power-factor-correcting static condensers, being in parallel with 
the network, present a low-impedance path to the signal current 
and thus reduce its effectiveness. It is fortunate that such con¬ 
densers are not usually employed to an appreciable extent on 
Lv. distribution networks, and that their effect is only pronounced 
where they have a kVA rating of, say, more than 25% of the 
step-down power transformer; 

The drain of signal current into adjoining networks is .again 
inversely proportional to the impedance of the connecting link. 
In most cases thus impedance is considerable and the loss ofthe 
signal current is not prohibitive. Mr. Nimmo mentioned the 
possibility of this spill-over interfering with ripple relays on ad¬ 
joining networks, and read a draft clause which may be inserted * 
to th® Commissioners’ Regulations to govern tip appficatiohof 
ripple control to power hebvorks. The only practical Way of 
complying with such a clause /would be to signal over only 
small part of-the network at a time and so reduce the 
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current and consequently the signal voltage at the station bus-: 
bars. The spill-over current would thus be reduced, but the 
advantages of centralized control would be lost and, moreover, 
it woulcj* be quite impracticable, if not impossible, to use series 
injection on a large number of the networks in this countiy. 

If full use is to be made of the advantages of ripple control, the 
solution of this problem docs not lie in limiting the spill-over, but 
in using some form of code with the ripple relays on the various 
networks responding to different codes. Several such systems 
have already been developed, and in general they offer other 
advantages besides that of preventing interference between 
networks. 

Adequate signal strength is merely a matter of injecting suffi- 
* cient signal current at the point of injection, but the maximum 
permissible is largely a matter of economics and practical 
engineering considerations. The sensitivity of the relays will 
determine the magnitude of the signal current, and the more 
sensitive the relays the smaller need be the injected signal current. 
A reasonable sensitivity for ripple relays seems to be of the order 
of 0*5% *of the distribution voltage, providing that they are 
designed so as not to respond to frequencies which differ by more 
than 0-5% from the signal frequency. 

Mr. E. E. Jolly: I am surprised that the author has made so 
’little reference to the d.c. bias system of control. This system is, 
of course, applicable only to a.c. systems, but, in the light of post¬ 
war standardization and the ultimate universal application of 
alternating current, I believe that every consideration should be 
given to the d.c. bias system, in view of its low annual maintenance 
costs and its simplicity of design. 

I have had considerable experience of various methods of 
^public-lighting control from the early days of manual opera¬ 
tion, and of the many difficulties experienced with these schemes 
and the high costs involved. In 1937 I reviewed the question of 
remote switching, with a view to getting better service and re¬ 
ducing operating and maintenance costs. As a result, in 1938 
my authority decided to install the d.c. bias system in one section 
of the supply area. This proved to be so efficient and satis¬ 
factory in operation that it was decided to install the system 
throughout the whole of the supply area. Unfortunately the 
war intervened while this work was being carried out, but of the 
1300 public-lighting columns 950 were converted to d.c. bias 
control. About 500 relays were installed (some of the signal¬ 
receiving relays controlling more than one public-lighting 
column). In addition, multi-service units were installed on a 
small number of installations for off-peak load-control purposes, 
the largest single installation to be controlled in this manner 
being 160JcW. This system would be very suitable in any future 
development of the supply undertaking for controlling off-peak 
loads, quite apart from its use for street-lighting control. 

In the early days of the war, signal-receiving units were also' 
installed in the homes of the undertaking’s repair parlies, and 
signals faere sent out whenever the men were required to report 
for duty following damage by enemy action. This was highly 
successful until Severe raiding took place, when the men took 
cover in public air-raid shelters which at the time had not been 
: provided with a supply, ^ 

The approximate number of signals sent out per annu m on 
public-lighting control was 800, and for off-peak load-control 
purposes 60. No difficulties or failures have been recorded for 
any of the relays installed on the public-lighting system. Minor 
mechanical difficulties were experienced with (he early design of 
substation panel, but these have now been completely rectified. 
The*mhintenanc^*of the various items of equipment has not in¬ 
cluded &ny attention to the master controller, which has been 
operating continuously for 5 years. The substation panels have 
to* be inspected about once every three months, although the 


batteries require topping up about once a month. I estimate 
that the approximate maintenance cost in respect of the sub¬ 
station panels is about £2 10s, per panel per annum. The 
batteries require re-plating every 4 or 5 years, but I think that 
this charge can be reduced by using nickel-cadmium batteries 
having suitable characteristics. 

Mr. E. M. S. Me Whir ter: It seems that the ripple-control 
systems described require a very sensitive relay to allow the 
rating of the injection equipment to ba kept within reasonable 
and practicable limits. The author presumably defines those 
limits as the difference in cost between wound time switches and 
his sensitive relays. 

While he claims that there may. be maintenance advantages 
with a centralized equipment, many advantages are offered by a 
local distribution of direct current from each low-voltage sub¬ 
station, and by controlling these substations, at any rate in a 
metropolitan area, by telephone circuits. These advantages 
might usefully be enumerated. 

First, the problem of standardizing ripple frequencies which 
may become necessary would be solved by standardizing on a fre¬ 
quency of zero and using direct current. To deal with a potential 
breakdown of the centralized equipment, at least part of it must 
presumably be duplicated. A d.c. system injecting at each local 
substation would avoid complete failure over a whole area, faults 
being limited to a substation area. Secondly, on the question of 
exporting ripple frequency, as the power transformers themselves 
form a complete barrier, no signals will be exported when using 
direct current. 

The third point is the question of sectionalizing this form of 
control for the future to avoid large load disturbances due to 
the control. Could the author indicate whether any equipment 
will be available for sectionalizing the network so that signals 
could be operative section by section. Presumably such equip¬ 
ment, if placed at strategic points in the network, would have to 
be remote controlled. Here again the advantages of local d.c. 
injection controlled over telephone pilots which are readily 
sectionalized are obvious. 

Fourthly, the question of high-voltage- interactions does not' 
enter with d.c. methods of injection at the low-voltage sub¬ 
stations, The author mentions that some urgent reconstruction 
which had to be carried out, adversely affected the operation of 
his control system, and that when the trouble was located it had 
to be put right by switching within the system and using some 
other arrangement. It seems to me that any control system which 
requires a continual watch on the high-voltage effect has very 
serious limitations, particularly when there are other systems 
available without these limitations. 

Finally, on the question of cost I have collected a few figures 
relating to some 28 installations of d.c. bias signalling systems 
which operate a total of 8 500 control units for street-lighting 
purposes from 166 substations. The systems were used for other 
purposes—-A.R.P., etc.—after the outbreak of. war, but these 
units are hot included in the above figures, nor do my cost 
figures include them. The capital charges per yelay controlling 
up to 2kW of load on its own contacts work out at 5s.; the 
capital db^rges for the central control and substation equipment, 
at 3s. 9d.; and the rental of Post Office pilot lines from the 
central control to substations on the basis of 1 mile per sub¬ 
station, at 3s. Id., making a total of 11s. 10d. A maintenance 
charge of just under Is. must be added. All these charges are 
per annum per relay-receiving point,^and the substation charges 

of ten years. As with other systems, the cost can be consider¬ 
ably reduced per receiving point as the scope of the system is 

increased. . ^ *_ , , 

Mr. R. M. A. Smith: Since 1936 many scores of networks have 
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been examined and analysed with a view to installing ripple 
control, and in only one has it been found impossible to apply 
any known system. Of the installations actually carried out, 
•only one system has had to be of the series-injection type men¬ 
tioned in the paper, and in that case it was both necessary and 
feasible. All the other installations use parallel injection. In 
those systems put in earlier than that described in the paper, 
injection was made on to 400-volt busbars of a works transformer 
or similar suitable power transformer, while the later ones, owing 
to developments in high-voltage condenser technique, have been 
of a more efficient kind, where the injection of ripple power has 
been made directly into the h.v. busbars or circuits of the supply 
undertaking concerned. The installation described is inter¬ 
mediate between the two, as it is a transformer-injection scheme 
but has also a 3 000-volt injection circuit with 3 000-volt con¬ 
densers. At the time it was installed it was considered a very 
efficient injection circuit, but the use of high-voltage direct- 
connected condensers has enabled far more efficient injection 
circuits to be devised. At present, some installations are working 
"with direct-connected condensers up to 33 kV, and on networks, 
apart from that described in the paper, of up to 50 000 kW m.d. 
Some of these networks cover very wide areas. The largest one 
covers about 800 square miles, and simultaneous ripple signals 
are given over the whole network. It is difficult to see how any 
localized system of control, such as the d.c. bias system, even if 
centralized by means of pilot wires, could either economically or 
efficiently be employed over such wide areas. 

On the economic aspect of centralized control, the paper shows 
that an outlay of £6 000 to £10 OOO^if necessary, is justified in 
providing centralized control equipment on a large network, even 
if only one set of switching operations is concerned, i.e. for street 
lighting. If any further justification were needed for the greater 
capital cost, we have only to consider its use for the centralized 
control of off-peak loads, thus filling in the valleys of the load 
curves with revenue-producing units. 

In the German system mentioned, where one phase-voltage was 
- momentarily suppressed by a high-speed circuit-breaker and the 
resultant voltage distortion employed to actuate remote relays, 
were the relays three-phase, and were any precautions taken to 
prevent mal-operation due to system faults, which would appear 
to give similar effects to the suppression of one phase-voltage? 

Mr* W. Saville: There must be a limit to the degree of centrali¬ 
zation in ripple control systems. Taken to the extreme, obviously 
the C.E.B. would be the controlling body and would therefore 
send out all street lighting signals, etc,, for the whole of the 
country. This, of course, is impossible. 

Centralization must stop at the supply authority and not at 
the generating authority. Supply authorities buy electricity for 
resale and they want to control it in any way they please, hence 
the operation of the ripple control system must be vested in them. 

It cannot be guaranteed that the injection of audio frequencies 
mto the mains in one area would not affect other areas, and any 
ripple control system must take cognizance of this fact and be 
immune from its effect. 

Immunity can be obtained by the use of “gate” signals, that is, 
each operating signal is prefaced by a pre-setting signal indi¬ 
vidual to each control system in the area. 

possible applications of ripple control in the future 
Will demand a multiplicity of signals, and any system which 
^ Imited to 10 or 20 signals is, to my mind, inadequate. 
Probably 50 to 100 signals will be needed. 

Halloweli: I should like to underline the necessity of 
having proper discrimination and interference-free operation. 
In Section 7 the author states: “Any system of remote switching 
should qe capable of giving a plurality of control channels, and 
ol expansion within these limits, as and 'when reqqired. , \ This 


is obviously a desirable state of affairs, but it is r difficult to under¬ 
stand how it can be achieved with a control system employing 
simple frequency discrimination within the limited frequency band 
of 370 to 590 c/s. Is there any significance in the oscillograms 
showing the conditions for two superimposed frequencies of 410 
and 490 c/s? And is this the minimum separation consistent 
with interference-free working and having regard to the inter¬ 
vening ninth harmonic of the power frequency? If so, how will it 
be possible to accommodate eventually the various facilities men¬ 
tioned in Sections 8.1 and 8.2. I believe that, in ail, these facili¬ 
ties will call for some 40 channels. Will the author indicate the 
minimum frequency separation for interference-free working and 
the margin to be allowed for the harmonic belts? In any event 
it would appear that the author’s limited operating experience” 
with wide frequency separation and single service working is no 
criterion of the trials and tribulations ahead with much finer 
tuning and a greater number of channels. 

The problem cannot be solved by the simple expedient of in¬ 
creasing the frequency band-width, since any supply system has 
some optimum frequency and any substantial divergence from 
this value is responsible for a great increase in the loading of 
injection equipment for a given signal strength. 

The undertaking with which I am associated was one of the 
first to adopt parallel injection into an 11-kV system, and in 
view of the experience gained at that time I was led^to the con¬ 
clusion that a satisfactory multi-facility service could be achieved 
only by superimposing low-frequency beats on the carrier fre¬ 
quency. The advantages of such a system over one employing 
simple frequency selection are twofold: (a) the number of carrier 
frequencies may be reduced to a minimum, and (b) interference 
due to parasitic frequencies is completely eliminated. The°beat* 
frequency would be immune from the kind of interference ex¬ 
perienced by the author and referred to in Section 8.5, and also 
from the less-known “tooth ripple” interference generated by 
induction motors. By using only one or two frequencies it 
would also be a relatively simple matter to arrange a stopping 
circuit in the main reactors to prevent feedback into the Grid. 

I appreciate that the advantages of d.c, bias control are par¬ 
ticularly applicable to small networks, but for a large system 
having a multiple voltage-distribution system the cost of renting 
Post Office lines over long distances would prove to be pro¬ 
hibitive. 

Looking to the future, it is probable that many facilities at 
present not visualized will be demanded; for example, there is 
great scope in the direction of substation control. My view is 
that any standardization of ripple control should call for at least 
60 operating channels, so as to legislate for th#se future 
developments. 

Mr. J* F. Mackenzie: In the injection methods discussed, the 
grounds for estimating which is the best are not . very clear. 
There are two main considerations: (a) does the method inter¬ 
fere with the normal running of a system,, and ( b ) is it economic? 
Series injection does impose restrictions on normal switching. 
Again, is the limitation of ripple energy the primary factor in 
deciding which is the most economic system? From the examples 
discussed, it appears to be much more economical to be prodigal 
in the use of ripple energy than to spend money on its 
restriction. I am convinced that there is no “best” method, and 
that each network must be considered on its Own merfts. A 
control system able to apply any method of injection has obvious 
advantages. 

Regarding frequency selection, each network has a specific 
frequency at which propagation is most efficient, but as a range 
of frequencies is employed it would appear that advantage cannot 
be taken of this. A system utilizing a single frequency would 
have obvious advantages. * 
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The importance of harmonics has not been emphasized suffi¬ 
cient!? in regard to their influence on the operational and econo¬ 
mic aspects. Two methods of dealing with them are available. 
One is ta design the relay with characteristics different from the 
network harmonics, and the other is to raise the sensitivity of the 
relay above the maximum distortion which appears on the net¬ 
work. Raising the operating voltage materially affects the 
economics of the system, because considerably more power is 
required. 

If the proposed new clause in the Commissioners’ Regulations 
implies that the ripple signal must not operate or interfere with 
any other system, and that “any” is then qualified by the words 
„ “of a similar kind,” any new system must be of the same type as 
that on the neighbouring network. 

Mr. P. Schiller: The author heads his paper “Remote Switching 
by Superimposed Currents,” thus adding to the variety of synony¬ 
mous terms already in use, such as Superimposed Control, Ripple 
Control, Centralized Control, Centralized Remote Control, 
Impulse Control, Carrier-Current Control, and so on. In view 
of the growing importance of the subject thus described, I would 
suggest that an appropriate term be standardized by the B.S.I., 
even before the latter tackles the more formidable problem men¬ 
tioned in the discussion. Incidentally, I doubt whether the time 
is at ail ripe to attempt technical standardization, considering 
the variety'of systems still competing, and the progress still being 
made in the choice and combination of ripple frequencies. 

The system of centralized control adopted by the author is 
attractive, because of the minute power requirements of the 
relays and the consequent simplification in injection plant. 

. Although the detrimental effect of power-factor-correction equip- 
ment in the distribution system is minimized, these ripple¬ 
absorbing condensers still present a problem; and since their use 
is increasing it would be interesting to have the author’s com¬ 
ments. 

The author does not state the actual number of relays in¬ 
stalled; it appears that there are not very many. However, with 
an average of 0*3 % failures during 1943, the operating 
reliability does not yet appear sufficient for large-scale applica¬ 
tion in domestic premises. Suppose that at some future date one 
third of Manchester’s present 150 000 domestic consumers were 
to be equipped with control relays, then a rate of 0*3% would 
mean that on an average there would be with each operation 
150 failures. A much lower rate of failures has been claimed for 
the system used in Paris, but it may be expected that the apparatus 
installed in Manchester is capable of further improvement 

In conclusion, I would ask the author to give a rough idea of 
the first v;ost and maintenance cost per consumer, based on an 
installation controlling, say, 10000 consumers. 

Dr. E. Bfflig: The scheme as described by the author is not 
one that would recommend itself in normal circumstances. It 
sufffersJTundamentaliy froiq the relatively high reactance of the 
coupling transformer to the transmission of the high-frequency 
signals and the subsequent necessity of designing the... high- 
frequency generator equipment for a rating corresponding to 
many times the received signal strength. In principle the h.f. 
generator is connected in series with the impedance of the 
coupling transformer (given as 136 ohms in Section 8.4) and the 
equivalent load impedance (about 7.5 ohms per phase referred to 
540c/s and *18*5kV phase-to-neutral). Hence most of the 
generator input is required to overcome the leakage reactance 
of the coupling transformer. On the other hand, it would not 
* be*safe"to reduce this reactance any further. Even as it stands, 
a short-circuit St the low-voltage terminals would draw 53 times 
the rated current through the low-voltage winding, which must 
Jbe built very strongly to withstand the corresponding electro¬ 
magnetic forces. The injection winding in the transformer is 


rated for 1 350 kVA,-about a hundred times the useful signal 
output. Except in the rather exceptional circumstances described;, 
in the paper, where an earthing transformer is required for pur¬ 
poses other than remote switching, capacitive coupling and the 
use of higher frequencies would probably be a more likely solution. 

In Fig. 3 it would be useful to add the kVA input to the 
generator. It is not stated at what point of the system the signal 
voltage—apparently referred to the phase-to-neutral voltage of 
the l.v. system, 231 volts—has beeri measured. 

Mr. A. J. Gibbons: The paper has demonstrated most admir¬ 
ably, and with most interesting operating data, that ripple control 
of switching for selected functions is a genuine technical and 
commercial success on a large network. Also, the trend of the 
discussion has shown that in the future, when we are free from 
a large number of war-time restrictions on labour and priority of 
materials, there will be tremendous developments all over the 
country with regard to ripple control. 

I am somewhat concerned about this possibility of spill-over of 
signals from one network to another; those companies whom 
we supply are very interested, I am sure, in the possibilities of 
ripple control, and it is quite possible that after the war they will 
adopt it. Unless there is some measure of control, complaints 
will be inevitable. The selection of frequencies and the coding' 
of impulses must be handled by some appropriate central 
authority. It may be that with a given technical system spill-over 
is unavoidable, in which case steps must be taken to ensure 
that one system does not affect the installations of adjoining, 
authorities. 

Mr. S. A. Daines ( communicated ): For some time I have been 
associated with a centralized system of control for remote switch¬ 
ing by superimposed currents, using the third method in Section 6 
of the paper. My experience confirms the author’s assumption 
in Table 1 that the maintenance cost per relay and contactor is 
about 2s. 6d. or 3s. per annum. 

I am intrigued by his mention of simultaneously resetting 
maximum-demand indicating mechanisms by this method, but 
fail to see the purpose unless it were applied to all m.d. meters, 
which an undertaking has on circuit, as well as its C.E.B. meter¬ 
ing. This full application would of course kill the argument 
often put forward that the m.d. period of one consumer is dif¬ 
ferent from that of another, and different again from that of the 
undertaking. The application would in fact enable m.d. charges 
to be made more truly representative than at present. 

As to the reliability of the apparatus, I have examined some 
of my records and, for the convenience of comparison, Table A * 


Table A 


Periods of 

6 months in 

Number of 
operations 

Faulty 

relays 

Faulty 

apparatus 

1942 

8 

: 0l4 

% 

2*82 

1942 

22 

0*32 

0*32 

1943 

16 

0*41 

0*41 

1943 . 

26 

0*48 

■: Nil 


gives a summary similar to that^ ^ in Table 3. I should like 
the author to confirm how he arrived at his percentages, as there 
appears to be more than one method of arriving at a conclusion. 

The simple formula I used, on the assumption that the author’s 
is ibe same, is: (number of faulty relays x 100)/(total number of 

relays x number of operations) == percentage' of faulty relays on a 

six-monthly basis. It is suggested that, instead of the column: 
headed “Number of Operations,” one shbwing “Total Number of 
Relays x Number of Operations” would have been more 
enH^iteni^ :; : v-r 
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Table A refers to one particular section only of the total 
number of relays on circuit, as with present staff shortage it has 
not been possible to keep an elaborate “life and maintenance 1 ’ 
record for every relay, The results confirm, however, that 
although my system differs from the author’s, the degree of 
reliability is high and, in my opinion, is a good pointer to 
prospective users of such control systems in general. 

A similar trouble of low signal strength resulting from large 
power-factor-correction condensers has been experienced, but 
an alternative supply circuit nearby allowed the problem to be 
easily by-passed. I should be interested in the author’s method 
of solving this problem. 

Mr. W. Szwander ( communicated ): The paper may create, per¬ 
haps unintentionally, the impression that the parallel ripple in¬ 
jection is always preferable to the series injection, whereas both 
theoretical and economic considerations, e.g. as surveyed in 
reference (5) of the paper, as well as practical experience e.g. with 
the most extensive application in the world of the ripple principle in 
Paris, seem rather to confirm the advantages of series injection. 
The interconnections of the 33-kV system in Fig. 5 precluded 
series injection being applied to it, and a choice had to be made 
between parallel injection of the 33-kV system and series 
injection of the 6*6-kV feeders in all individual 33/6-6-kV sub- 
, stations. Circumstances were here unusually favourable for 
parallel injection, namely absence of direct connection to the Grid 
or any other system, from the busbars of generating station 
A, the possibility of accommodating the initial windings for the 
ripple transmission on transformers of so large a capacity as 
18 500 kVA, probably comparatively large capacities of trans¬ 
formers in distribution substations, etc. Each case must always 

TOE AUTHOR’S REPLY TO 

Mr. J. L. Carr {in reply ): The measures taken for the develop¬ 
ment of the Actadis system, mentioned by Mr. Nimmo, could 
not easily be taken in this country, so that undertakers have 
had to rely on small-scale experiments. It was thought therefore 
that the information gained from a ’ large installation would 
assist in a better understanding of the problems involved. 

I agree with Mr. Schiller on the desirability of standard terms. 

^ Camer wave 11 (B.S. 204, No. 4126) is inapplicable; the term 
modulation” is employed exclusively in radio work; “remote 
control (B.S. 205, No. 3827) refers to individual mechanical 
means or electrical connections from a remote-control board; 
and centralized control” of switching may be exercised by word 
of mouth. The title of the paper was chosen accordingly. The 
term telecontrol” (B.S. 205, No. 1802) seems to be appropriate, 
although little used; the term “ripple” would rule out thfe d c 
bias system. 

The proposed regulation read by Mr. Nimmo would, at this 
stage, prove very restrictive. As Mr. McWhirter states, the only 
injection which is not transformable to other voltages is that by 
direct current. Wave traps, as suggested by Mr. Hallowell, 
would prevent feedback, but their installation at the higher 
voltages^ would reduce operating safety. Messrs. Ross and 
Saville deal with certain aspects of the problem. Ripples in- 
jected into one section of a system are transferred to other stages. 
With series injection the voltage at the busbars is governed by 
the current. required for operating in one section and by the 
impedance of the remainder of the system. The effect on neigh¬ 
bouring sections may therefore pass unnoticed. In certain cir¬ 
cumstances, however, more sensitive relays on a bulk-supply 
circint fed from the same busbars may be affected. In this con¬ 
nection, there is some evidence to indicate that ripple voltages 
may be actually increased at some points, presumably by local 
resonance. ^-s- . /".• 

Investigations as to the extent of propagation of ripples should 


be considered on its own merits, but I believe that in most cases 
it will prove easier and more economical to install the series- 
injection equipment, particularly when adding it to existing 
systems. The apparent disadvantages of lion-simultaneous 
operation, when injecting individually in a number of substations, 
is of no practical importance: it is easy to arrange for simulta¬ 
neous starting of the automatic operation of the injecting equip¬ 
ment in all substations, e.g. by means of an impulse sent from a 
central control room, and even with sequential injection to several 
feeder-groups, the whole process can be concluded in a matter 
of 1-2 minutes. This is quite satisfactory for street-lighting or 
tariff-control. In the system described by the author, the capa¬ 
city of the h.f. generator used for parallel injection appears to 
me to be amazingly small, and I would not be surprised if, with 
time, it proves to be insufficient, not only with an increase of the 
system-load and of the cable mileage, which is obvious, but also 
with an increase of the generating plant capacity in A, which 
would lower the impedance shunting the h.f. generator. 

Static condensers used for power-factor improvementrepresent 
paths of very low impedance to the h.f. currents, and*therefore 
they may cause the voltage necessary for the operation of the 
ripple relays to drop below the required minimum. To prevent 
this, it is necessary to shunt the condensers with small inductive * 
reactances, tuned to resonance with the condensers at a fre¬ 
quency approximately equal to the ripple frequency. *This, inci¬ 
dentally, may be one more argument against the excessive favouring 
of power-factor improvement in city areas where ripple control is 
most likely to be adopted, and where the natural growth of the 
system capacitance due to the considerable length of h.v. cables 
is already causing stability troubles at low loads. r 

THE ABOVE DISCUSSION 

be undertaken. Messrs. Beard and Gibbons suggest an alloca¬ 
tion of injection frequencies. My present opinion is that neigh¬ 
bouring undertakers should each be allotted a frequency band, 
located about the characteristic tuning frequency; and that either 
a gate frequency should be employed or if a single frequency 
is used it should be sent out in timed pulsations. With series 
injection, limitation of the frequency band and allocation of 
frequencies would probably be effective. 

As indicated in the paper, local considerations may determine 
which method is the most suitable in a selected location. Mr. 
Szwander claims that simultaneous injection is of little practical 
importance, but in some cases it has been necessary. As Mr. 
Smith remarks, technical considerations rendering series injection 
essential are not frequently encountered. Multiplicity of in¬ 
jection equipments may render the cost of series equipment 
prohibitive. Regarding centralization or decentralization, Mr. 
McWhirter makes a virtue of a necessity with his system; and the 
examples given by Messrs. Smith and Hallowell are adequate 
replies. m r 

In injection equipment, the improvement in performance by 
condenser coupling is referred to by Mr. Smith and Dr. Billig, 
and is indicated by Table 4 and the equipment particulars in the 
paper. 

In reply to Mr. Szwander, the reactance of a 33-kV, 70-MVA 
generator would be about 40 ohms at 500 c/s. With a 1 % in¬ 
jection voltage per phase (approximately 200 V) th^current taken 
would be of minor importance and would, in any case, be largely 
reactive. 

the input to the machine is direct current. 
The kVA output of the generator was not measured. * * r * 
\>/^ S o re ^ ar ^ S c °hdenser drain, I did riot intend, %s suggested by 
Mr. Schiller, to minimize the effect of shunt condensers. These 
are generally absent in residential areas, and difficulties have, 
been met so far only on networks radiating from one or two 
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industrial substations. Steps taken were similar to those adopted 
by Mr. Daines. The possible use of local amplifiers should, how¬ 
ever, be borne in mind. I agree with Mr. Szwander in his dislike 
for power-factor correction by condensers. 

In reply to Mr. Hallo well’s query on frequencies and channels: 
The set was designed for four base (or “gate”) frequencies and 
for six operating frequencies, giving, with ten frequencies in all, 
a total of 24 channels. A separation of 20 c/s is employed, but 
frequencies corresponding to system harmonics are avoided. 
With relays responsive only to within ±0*5 per cent of rated 
frequency, a minimum separation of 5 c/s would be necessary. 
Since, however, the relay frequency-response is influenced by the 
applied voltage, wider separation than 5 c/s is necessary to reduce 
‘the possibility of influence by signals of adjoining frequency. 

The method of expressing relay faults in Table 3 is that 
described by Mr. Daines; the term “operation” refers to the com¬ 
plete performance involving the use of two, and in some cases 
thrqp, channels. In reply to. Mr. Smith, detailed information is 
not available regarding the relay for the interrupted-phase 
method, except that it employs a specially designed circuit. 
From fundamental considerations, however, a two- or three- 
phase connection would appear necessary. A timed succession 
of impulses is employed, so that the receiving relay is unlikely 
to be affected by other system disturbances. 


A simple statement of the cost of installing any particular 
equipment would be of little value without comparable figures 
for other methods: and a comparison of costs for a large under¬ 
taking may prove misleading for different circumstances. The 
particulars given by Messrs. Jolly and McWhirter are very in¬ 
teresting; and the confirmation of maintenance cost by Mr. 
Daines is welcome. Mr. Schiller can derive from details given 
by Mr. McWhirter a capital cost per consumer, excluding relays, 
of about £1 17s. 6d. on a 20-year repayment basis, to which must 
be added the equivalent of line rental; for a single parallel- 
injection equipment the cost will vary according to the installa- 
ion, but will in many cases amount to a fraction of this. 

In reply to Dr. Billig, the signal voltages in Fig. 3 were 
measured on a network about 3 miles distant, but approximately 
16 circuit miles away, from the point of injection. In reply to 
points raised by Mr. McWhirter, no equipment is included* for 
isolating sections of the system for injection purposes, for this 
would mean loss of synchronism and operating difficulties. In 
some of the urgent reconstruction referred to, the voltage control 
relay had been connected to the section opposite to that in which, 
injection was made. When the sections were coupled, the voltage 
relay did not take account of voltage drop in the system and 
signals were therefore weakened. Connection by available pilots 
to a remote transformer overcame the temporary handicap. 


DISCUSSION ON 

/‘BUSBAR PROTECTION: A CRITICAL REVIEW OF METHODS AND PRACTICE’ 9 * 

WESTERN CENTRE, 13TH DECEMBER, 1943 


Mr. T. E. Jackson: Built-in testing equipment provides a 
facility which must inevitably improve the performance of 
protective gear. This gear is normally dormant, and therefore 
the most certain way of ensuring that it will operate correctly 
under fault conditions is to exercise it by means of a test equip¬ 
ment that can be operated as a matter of routine, say, once 
a shift. 

Built-in test-sets are often criticized as further complicating 
equipment which is considered by some as already too complex, 
but it must be remembered that complexity is often only an 
illusion resulting from a rather casual study of a wiring diagram. 
If, by the addition of telephone jacks, telephone relays, a push¬ 
button and a few yards of wire, we can “function” protective 
gear, omitting only the actual tripping of the breaker, I submit 
that a slightly more complicated wiring diagram is a very low 
price to pay. 

I would like to know if the authors have been able to apply 
a built4n “routiner” to busbar protection, and whether they 
consider that such equipment might be included as a standard 
feature. 

Mr. K. G. Glover: The following points have been met during 
commissioning tests on busbar-protection equipments: (a) There 
should be no single relay, the accidental operation of which by 
external mechanical means can trip out a complete section of 
btisbqj's* (b) 4 fault on a switch spout remote from the busbars 
is inside the zone of busbar protection; yet the tripping of all 
the switches in the section may still leave the fault fed from the 
remote end of the particular circuit concerned. To avoid 
unnecessary operation of busbar-protective gear for such a 
fault, the busba? protection should begiven a sipall time-lag 
sufficient to* allow the gear on ahy individual^ 

.. * Paper by M. Kaufmann and W. Szwander (1943, 90, Part H, p. 273). 


first, (c) To obtain satisfactory overlapping of the zones of 
protection to cover a fault such as mentioned above, it is desir-' 
able that all switches should be provided with accommodation 
for current-transformers on the busbar side, as well as on the v 
side remote from the busbars, (d) I suggest that it would 
simplify matters considerably for engineers who have to re^r 
to schematic diagrams of busbar protection, if the manufacturers 
would standardize a simple nomenclature for the various 
types of scheme, and if the standard number of the scheme 
used were plainly marked on each diagram. 

Mr. C. J. O. Garrard (communicated): Designers of busbar- 
protective systems have tended to seek security against fortuitous 
operation of the gear, rather by .using several independent 
checks, than by devising gear which is inherently stable under 
through-fault conditions. I feel that while an independent 
check upon the operation of the main protective device is essen¬ 
tial, it should serve chiefly as a safeguard against unwanted 
operation caused by damage to the wiring or apparatus or by 
human agency, such as carelessness in cleaning and so on. The 
main earth-fault-detecting gear itself should be inherently stable. 

One of the best means for assuring stability in balanced- 
current protective gear is that of balancing the operating current 
due to the fault against a bias provided by the load or through- 
fiult current. As this principle had been applied with much 
success to machines, transformers and feeders, it was sought to 
extend its use to busbars. The essential feature of the resulting 
system, known as “neutral-bias bus-zone protection,” is shown 
in Fig. A. • . . 

The neutral-bias relay has an operating coil and a restraining 
coil. The operating coil is fed from parallel-connected current- 
transformers which summate the earth-fault currents in the 
circuits connected to the busbars. The restraining coil is fed 
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bias lockout 

relay relay 


Fig. A 


from a current-transformer or transformers, which summate 
the currents in the neutral connection or connections. If there 
is an earth fault inside the protected zone, the current in the 
operating coil is equal to that in the restraining coil and the 
relay operates. If the earth fault is outside the protected zone, 
the operating coil carries only the spill current due to the inevit¬ 
able small inaccuracies of the current-transformers, while the 
restraining coil carries a current proportional to the earth-fault 
•current; the relay is thus positively restrained from operating. 

With a through phase-to-phase fault with no simultaneous 
faplt to earth, there would be a small spill current in the operating 
coil, but no current in the restraining cpil. To maintain stability 
in all cases, the phase-fault lock-out relay is added; its operating 
coil is connected in series with the restraining coil of the neutral- 
bias relay, the contacts of the two relays also being connected 
in series. 

The combination of the two relays is thus stable in all circum- 

„ THE AUTHORS’ REPLY TO 

Messrs. M. Kaufmann and W. Szwander (in reply): We fully 
endorse Mr. Jackson ’s remarks on the value of built-in testing 
equipment and agree that it should be a standard feature of all 
major installations. The example illustrated at the reading 
of the paper utilizes plugs and jacks; several have been installed 
and have given great satisfaction to the testing staffs. 

In reply to Mr. Glover most of the schemes described in the 
paper, e.g. those in Figs. 8 and 9, satisfy his condition (a). 
Where it is unavoidable that one relay shall trip all the circuit- 
breakers of a busbar section, accidental operation by mechanical 
impulses can easily be prevented by using two identical relays 
with tripping contacts in series. The use of time delay under 
the conditions outlined in item (b) is unavoidable (see our reply 
to the discussions at other centres). In many types of switch- 
gear, current-transformers cannot be accommodated on both 
sides of the circuit-breaker and methods of countering this 
disability are dealt with in the paper. A standardized nomen¬ 
clature for the various types of scheme is a desirable aim. 



stances; if there is sufficient earth-fault current to operate the 
lock-out relay, there is enough to bias the neutral-bias mlay; 
conversely, if there is no neutral current and thus no bias on the ' 
neutral-bias relay, the lock-out relay does not operate. 

Several alternative methods of checking may be used in 
conjunction with this scheme. The simplest is a master relay 
energized by a second set of current-transformers in the neutral 
connections. A frame leakage relay may be used, or if the 
expense of a double set of current-transformers is justifiable, 
the whole equipment may simply be duplicated, the final tripping 
contacts of the two equipments being connected in series. 

This system offers the advantage over the authors’ Fig. 8 in 
that it requires fewer relays and trips all the circuits connected 
to the busbars, rather than only those which carry earth-fault 
current. Compared with Fig. 9, this scheme is much less 
complicated and is not dependent on the operation of a relay 
to prevent incorrect operation in the event of a through-fault. 

THE ABOVE DISCUSSION 

The classification adopted in the paper, based on the funda¬ 
mental principles of operation, is reasonably simple and un¬ 
ambiguous. 

Mr. Garrard’s scheme in Fig. A combines in one relay the 
two essential features of discriminating and checking. The net 
result, however, is two separate schemes because a separate 

phase-fault lock-out relay,” or the equivalent, is required. 

All the schemes described by us for application to new installa¬ 
tions can be regarded as inherently stable. But this migh t not 
be true when they are applied to existing installations, and then 
only would Mr. Garrard’s opening remarks apply.' We advocate 
checking not as a substitute for, but as an addition to, inherent 
stability for the purposes he mentions. The impression tha t 
the Translay scheme of Fig. 8 trips only those circuits that cjirry" 
earth-fault current, is incorrect; all the circuits of thq faulty 
busbar-section are tripped. Mr. Garrard’s scheme has no 
affinity with that of Fig. 9, being in the same category as that of 
Fig. 5(a) with - which it should properly be compared. 










THE EFFECT OF CORONA ON SOLID INSULATING MATERIALS* 
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SUMMARY 

The effect of corona impinging on thin insulating materials, i.e. cel¬ 
lulose acetate and varnish cloth, is studied by exposing the material to 
the discharge in a plane-parallel air-gap, and determining the changes 
in power factor, permittivity and weight which are produced. The 
time elapsing before the material is electrically punctured, and the in¬ 
crease of acid content, are also measured. Subsidiary tests such as a 
comparison of the effect of direct and indirect corona, the differences 
arising when pure oxygen and pure nitrogen are employed separately 
as the discharge medium, and visual and photographic studies of the 
discharge and the measurements of corona onset and extinction 
voltages are also described. The results are discussed, and it is con¬ 
cluded that direct corona results in a general form of deterioration 
owing to the absorption and subsequent chemical action of ozone and 
nitrogen gxides by the material, and at the same time a highly localized 
or microscopic deterioration which is a consequence of electronic 
and/or ionic bombardment of the surface and which accounts for the 
ultimate electrical breakdown. The two forms of deterioration are not 
related. These conclusions lead to suggestions for tests for assessment 
of the corona resistance of materials and rule out the possibility of 
any single test being in itself sufficient for this purpose. 

(l) INTRODUCTION 

The danger of premature breakdown of impregnated-paper 
cables and bushings owing to the action of electrical discharges 
or corona in air spaces existing therein has been known for some 
years, but it is not generally appreciated that this hazard is likely 
to arise in any type of apparatus where potentials of a few thou¬ 
sand volts are present. A number of devices have come into 
use, such as sensitive microphones, radio receivers (interference¬ 
measuring sets), specifically designed discharge detectors, which 
give a sensitive detection of the corona onset, and it has been 
shown that corona may often occur at voltages less than the 
rated voltage. 

Although an adequate safeguard against corona ls its elimina¬ 
tion, which is sometimes possible by care in design and the 
judicious employment of conducting coatings (such as metal 
coatings, colloidal carbon, and conducting rubber and synthetic 
resins), yet where, as frequently happens, absolute certainty of the 
absence of corona cannot be assumed, it is of obvious importance 
that only resistant materials should be exposed to its action. 

ft is not only desirable that the electrical and mechanical pro¬ 
perties of an insulant subject to corona should not deteriorate, 
but it is also of consequence that the material should undergo no 
chemical change such as may produce substances capable of 
corroding metals. A case in point is the corrosion of copper wire 
insulated with cellulose acetate when corona is present, and it is 
possible that this has been the real cause of corrosion observed 
in dther cas^, although owing to faulty diagnosis the damage 
has been attributed to other factors, such as the presence of 
moisture. : "•«'•"/ 

The*scope of the work described in the present paper will 
'b^s^h'-from pi;pne;r^:. .. # .• 1 ■ 

(^Construction of an apparatus of a simple type whereby 

* Based oil Report X/t 137 of The British Electncal and AUied lntf ustries Research 
Association. ' . ' ‘V- v;-.. 

t British Electrical and Ailied Industries Research Association. 
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samples of sheet insulating materials could be exposed to the 
direct and continuous action of a uniform corona discharge. 

(b) Determination of the rate of deterioration in properties by 
systematic non-destructive tests at intervals. 

(c) Comparison of relative resistance to corona as measured 
by the exposure time required to cause complete breakdown. 

(d) Subsidiary tests for the purpose of obtaining an insight 
into the mechanisms involved. 

It should be understood, however, that the aim in view has. 
been not so much to subject the processes involved to a detailed 
examination as to obtain sufficient data to enable suggestions for 
satisfactory methods of test to be made. 

(2) PREVIOUS WORK 

The presence or absence o£ corona in h.v. apparatus under 
service conditions is entirely a question of design and manu¬ 
facturing technique. In a number of cases standard specifica¬ 
tions include clauses to ensure its absence, but the methods of 
test specified are usually of a relatively simple nature and there¬ 
fore insensitive. Recently more complex and sensitive methods 
involving discharge detection bridges and radio-interference 
measurement apparatus have been employed for testing corona 
in h.v. equipment, and such methods will probably be incor¬ 
porated in specifications in time to come. One indication of this 
tendency is the suggestion given in B.S. 833—1939 that an 
ordinary broadcast receiver can be employed to determine 
sparking on resistors in ignition systems. 

It frequently happens, however, that, on account of spatial 
limitations, manufacturing difficulties and various other reasons 
the presence of corona is unavoidable, particularly intfermittent 
corona or sparking which only occasionally occurs as a result of 
transients. Thus the corona resistance of insulants is of great 
importance, and some consideration has been given to this subject 
by certain authorities. As an example, reference may be made to 
the Royal Aircraft Establishment method of test for the corona re¬ 
sistance of ignition-cable insulation (Specification D.T.D. 2002). 
So far as is known, the experimental data upon which the test is 
based have not been published, but details of the method may be 
of interest. Four turns of a 3-ft length of the cable, after a pre¬ 
heating at 100° C for 5 hours, are wound firmly after cooling on a 
li-in diameter wooden mandrel, which is then inserted in a brass 
tube of 2i in internal bore. A voltage of 25 kV (r.m.s.) is applied 
between the cable conductor and the brass tube for a period of 
2 hours. The cable is considered satisfactory if no ; signs of 
splitting or other physical or electrical failure are observed. 
Another empirical test differing slightly from this is described by 
Haas. 2 In this case a number of turns of the cable is wound on 
to a metal cylinder of large diameter and two metal rods parallel 
to the axis of the latter are placed in contact with the cable. 
Corona is preduced by connecting a source of high voltage 
. between the rods and the cable conductor, and the surface of the 
insulation is examined at intervals for damage. 

More systematic investigations on various insulants have also 
been made. 

Goldman and Wool 1 compared the properties of cable paper, 
varnished cloth and cellulose acetate before and after being. 
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brought into contact with ozone and oxides of nitrogen generated 
in an czonizer, a method of test which is based on the assumption 
that the effect is a consequence of the chemical activity of the 
gaseous corona discharge products. It was found that the 
materials deteriorated greatly, cellulose acetate and cable paper 
losing the greater part of their mechanical* and electrical strength 
after about 12 hours’ and varnished cloth after 60 hours’ exposure 
to an ozone concentration of 1 %. Especially pronounced was 
the increase in free acid content in cellulose acetate, e.g. from 
zero to 2*5%, after 9 hours’ exposure, the cause of which was 
ascribed to decomposition of the material into cellulose and 
acetic acid. This chemical decomposition was found not to cease 
with the treatment, but continued to occur whilst the samples 
were “rested” in a desiccator, and at the same time progressive 
deterioration in electric strength and power factor was observed. 
The results of a few additional tests indicated that if the samples 
were subject to the direct action of the corona the deterioration 
was accelerated. 

Corona discharge on rubber-insulated cables has also been 
investigated by Paine and Brown. 3 In this case the test, was 
made by placing a straight length of the cable in contact with a 
flat metal plate, and producing corona by connecting the core 
and plate to a source of high voltage (60 c/s). By this means, 
first, a comparative study was made of the behaviour of cables 
of various designs, ratings and insulation characteristics with 
respect to the voltage at which corona first started, became visible 
and finally audible, and, secondly, the effect of the discharge on 
the power factor of the insulation was determined. The ozone 
concentration produced was also measured. It is of interest to 
note that ozone was generated only when the voltage was suffi¬ 
cient to cause disturbances capable of being registered by the 
discharge detector. 

A tentative study of the effect of corona on cellulose acetate 
sheets-and varnished cloth on behalf :of the E.R.A. was started 
by D. E. H. Jones at Queen Mary College in 1935 in two series 
of tests. The samples were first exposed to the direct action 
of the discharge in a uniform field, and determinations of the 
changes in permittivity, power factor, electric strength and, in 
the case of cellulose acetate, the acetyl content, were made. 
Secondly, the changes in properties of cellulose acetate caused 
by exposure to ozone, a mixture of nitrogen oxides, nitrogen 
peroxide, nitric oxide, nitrous oxide separately, and finally ultra¬ 
violet radiation, were investigated. The results of the first series 
of tests indicated that with a sufficiently high intensity of the 
discharge failure of the sample occurred within a few hours, 
although short exposure tests, not exceeding 40 minutes in dura¬ 
tion, apparently indicated that the deterioration in power factor 
and electric strength was not progressive. The second series of 
tests were designed to ascertain the relative effect of the various 
factors known to be present in corona discharges. Samples of 
. cellulose acetate .were, therefore exposed to . the possible reactive 
agents in turn. The results showed that only ozone and nitrogen 
peroxide were capable of giving rise to the chemical changes 
caused by an electric discharge, since no effect was observable 
in any other case. , 

No useful information was obtained from the acetyl content 
determinations as the variations were small, but they tended to 
indicate that the acid content was increased by corona dis¬ 
charge,, -s : -'5■ • ; ’: 1 "" 

V ^6: general conclusions drawn from these ^preliminary"tests ' 
were, first,, that the. times of exposure were insufficiently long 
to enable., an insight into the phenomena to be obtained, and, ' 
secondly, that it was desirable to determine definitely whether 
deterioration caused by corona was progressive or whether* with 
low-intensity discharges, for example, a saturation effect super¬ 
vened. ■ • . ■. 


ON SOLID INSULATING MATERIALS 

c 

(3) MATERIALS EMPLOYED IN THE TESTS ' 

(a) Commercial cellulose acetate film of nominal thickness 
0*005 in.* 

(b) Two pure high-acetyl cellulose films, one with and one 
without plasticizer, f 

(c) Best quality black varnished cloth of nominal thickness 
0*005 and 0 *010 in4* 

id) Best quality yellow varnished cloth of nominal thickness 
0*005 and 0*010 in. 

(4) PRELIMINARY CONDITIONING OF SAMPLES 

The cellulose acetate samples were preconditioned by heating at 
90° C for 24 hours over a drying agent (P 2 0 5 ), and kept in a 
desiccator until required. The varnished cloth samples were * 
dried at room temperature for a period of three weeks or more 
before testing. Preliminary tests established that both materials 
experienced progressive changes in properties when heated at 
100° C for some hours, on account of changes in composition and 
structure. Additional security against uncertainty which might 
be introduced by ageing effects was provided by utilizing some 
samples as controls. 

(5) INVESTIGATION OF THE EFFECT OF DIRECT CORONA 
(5.1) Methods of Test 

The preliminary tests by Jones had indicated that the effect of 
corona could be studied in a convenient manner by placing a 
sample sheet of the material on the surface of one of the electrodes 
of a pair forming a horizontal plane-parallel air capacitor and 
applying an alternating potential sufficient to overstress the air 
layer between the upper surface of the sample and the top 
electrode. This principle was used as a basis for the design of the * 
experimental apparatus for the tests reported herein. The rate 
of deterioration in electrical properties caused by the discharge 
was observed by periodic measurement of the power factor and 
permittivity of the sample, and at the same time material changes 
were indicated by variations in weight and free acid content. 
Apart from the “rest” pauses necessary for the periodic tests, the 
samples were exposed to corona continuously either until failure, 
which was manifested by a spark which punctured the material, 
or until the power factor increased to 0 * 06 or more. In the event 
of breakdown during the exposure, the supply was tripped out 
automatically and a record of the time made by a gas-filled valve 
relay, thus avoiding continuous supervision. 

All the tests in the present paper were made in a dry atmo¬ 
sphere; the effect of the ambient humidity will be considered in a 
subsequent paper. 

(5.2) Apparatus for Exposure of Samples to Direct Corona 

To economize in time, arrangements were made whereby nine 
samples could be exposed in a dry atmosphere to corona simul¬ 
taneously, different values of voltage being applied as desired to - 
sets of three. Desiccators of the Scheibler type were employed 
as enclosures for each sample; they had a hole bored in their 
upper and lower compartments into which brass leadingrin 
screws were cemented (see Fig, I), and their lids were provided 
% ^ ass hil?e with stop-cock, which enabled the interior to 
be evacuated arid filled with dry air or any other gas if desired, 
v I?; the preliminary E.R. A. investigations (see Section 2) the air- 
gap between electrode an4: sample was obtained oy use of an . 
annulus of insulating materiaI (hard paperboard). Anobjection - ‘ 
to this method was that stress concentrations probably occurred 
at the .internal edges of the ring, and it was thought advisable to * 
avoid this disturbance and at the same time provide means 
whereby any thickness of air space, within limits, could be ob- 
*Pr^ntc4bythpBritish DbmoIacCo..Xtd 
tBiaS; V ^ YarS,ey - (® am Pl es A and B, page 552.) 
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Fig. 1.—Apparatus used for corona exposure. (Not drawn to scale.) 

tained if required. The upper electrode was therefore made 
smaller than the lower electrode and the edges were rounded, 
leaving a circular flat area of 3 in diameter. Both electrodes 
were chromium-plated and their surfaces ground plane. Three 
“double-L"’ shaped pieces made from 3/16-in diameter glass rod 
were provided with metal sleeves which fitted into brass uprights 
fixed on the upper surface of the upper electrode. The feet of 
these supports rested on a glass annulus which was placed on the 
sample to keep it flat against the lower electrode; the air-gap 
spacing was adjustable by grub screws in the metal sleeves and 
was preset by means of a gauge. 

The lower electrode was supported by brass pieces to provide 
an air space communicating with the lower compartment of the 
desiccator, and these were made proud of the upper surface in 
order to keep the sample and glass annulus in position. Other 
details of the apparatus will be clear from Fig. 1. 

Although the sample tended to warp slightly under corona, so 
causing the lower surface to be out of contact with the electrode, 
the movement was not pronounced and did not appear to exert 
any significant influence on the results. To avoid the effect 
wpitf d‘^ave necessitated sticking the sample to the metal and on 
general grounds this was considered to be undesirable. 

The possible effect of a drying agent in the test desiccator 
during the exposure to corona was also considered. Investiga¬ 
tion showed that acetic acid vapour which was found to be a 
product of the decomposition of the cellulose acetate caused by 
corona was more strongly absorbed by calcium chloride than‘by 
cel lulose acetate itself, but nevertheless no difference in the results 
was observed In tests made in air and over calcium chloride as 
compared 

veu^ting the desiccator and filling through a drying tram). As a 
!* master of convenience calcium chloride was therefore employed 
in the desiccate?. It is probable that the diffusion of acetic acid 
vapour from the air space above the sample is fairly slow and 
that the consequent changes in concentration at the sphere of 
■ action .are.of no significance.. . 


(5.3) Thickness of Corona Air-Gap 

For the preliminary E.R.A. tests (see Section 2) a spacing of 
0*089 cm was somewhat arbitrarily selected, but. was found to 
be a convenient value and for this reason was employed in the 
tests on cellulose acetate. Further consideration indicated, how¬ 
ever, that additional security against possible uncertainties arising 
from small variations in the thickness of the samples and warping 
might be obtained by the use of a larger gap, and accordingly this 
was made 0*19 cm for the tests on varnished cloth, but some 
tests for comparison purposes were made with a 0*089 cm gap. 

It is easy to show by simple electrostatic theory that for sample 
thicknesses of 0 • 0125 to 0 • 25 cm, constant electrode spacing, and 
values of applied voltage less than the corona onset voltage, a „ 
variation of sample thickness of 10 % will cause a variation of the 
field strength in the 0-089-cm air layer of 0*9 to 1*7% and in 
the 0-19-cm layer of 0*4 to 0*8% respectively. 

It is also known that the breakdown field strength for spacings 
of the order under consideration increases with decrease of thick¬ 
ness. It may be assumed that the corona onset voltage of an 
air layer bounded by parallel surfaces of metal and dielectric 
respectively is the same as the sparking voltage when both 
boundary planes are metal. This was more or less confirmed 
experimentally (Section 7.7). Using the empirical formula given 
by Stevenson 6 for the breakdown voltage of small air-gaps to * 
calculate the corona onset voltage for the assembly used in the 
tests, it may be shown that with a sample of dielectric of a given 
nominal thickness a small increase in thickness will increase the 
intensity in the contiguous decreased air space by an amount 
greater than that required to exceed the corona onset voltage 
corresponding thereto; on the other hand a small decrease in 
thickness reduces the intensity in the air below this voltage. 
Hence if the uniformity of the corona is influenced by variations 
in thickness of the dielectric samples the tendency will be for 
discharges to occur more readily on the thicker.parts.of the sample. 

(5.4) Power Factor and Permittivity Measurements 

These measurements were made by quickly removing the 
sample from the corona desiccator and assembling it between 
special electrodes in another desiccator, which contained a plane 
brass disc of 4 in diameter serving as the h.v. electrode and an 
upper brass electrode, also circular, surrounded by an annulus, 
the combination forming the measurement electrode with guard 
ring. The diameter of the measurement electrode was 3 cm in 
the tests on cellulose acetate but was increased to 6 • 2 cm for the 
varnished cloth samples. The circular area exposed to corona 
was 7*6 cm diameter, so that in the latter testa an average value 
for almost the entire affected area was obtained. The upper 
electrode was applied with a pressure equivalent to 300 g/cm 2 , 
which preliminary tests established as being necessary to make 
the measurements reproducible to within 1 %• The accuracy of 
the permittivity measurements was limited by local variations in 
thickness which’ were of the order 6f-£ 5 %, Btxt doritlct effects 
were reduced to some extent by inserting 6-mil tinfoil between 
the sample and the lower electrode. 

# A Schering bridge was employed for the measurements, which 
were made at a frequency of 800 c/s/and the Estimated accuracy 
was of the order of O-01 % Tor pqwer Tact^ 

citanc& : .'*.... 

(5.5) Determination of Acid Value 

* ft was at first proposed to detenrdm thevchanee in^cetyl con¬ 
tent of the cellulose acetate samples caused by the cprona, but it 
was found that the samples became■ ipSpfflyl&otob^ 
acetone, which rendered the usual metho4 inapplicable;; The 
free acid content was therefore determined instead by extraction 
with pure ethyl alcohol. The sample of cellulose acetate, weigh¬ 
ing aboutl g, was cut into small pieces and placed in a conical 
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flask with 10 ml of absolute alcohol. A reflux condenser was 
fitted to the flask and the contents were heated to just below 
boiling for one hour. After cooling, the extracts was decanted 
into a small flask and the residue washed twice with absolute 
alcohol. The washings were added to the extract and titrated 
with alcoholic caustic potash, using phenolphthalein as indicator. 
As a check test, samples of dried cellulose acetate were allowed 
to absoi'b acetic acid vapour by placing them in a closed desiccator 
containing a small dish of the liquid, the quantity absorbed being 
determined by the increase in weight. The absorbed acid was 
then extracted by the method described. It was established from 
the values obtained on four samples that the alcohol extraction 
removed on the average 91 % of the total free acid content. If 
water was used instead of alcohol only 70 % of the total free acid 
was extracted. 

The free acid content of the varnish cloth samples was deter¬ 
mined in a similar manner except that a mixture of alcohol and 
benzene instead of pure alcohol was employed. 

All the acid-content determinations were made on the samples 
after removal of the outer margin, leaving a disc of material of 
about 3 in diameter, the entire surface of which had been in 
direct contact with the discharge. The acid-content values 
tabulated were made comparative by correcting them to corre¬ 
spond to 1 g of the material. 

(6) EXPERIMENTAL RESULTS 

Tests on cellulose acetate samples were made with applied 
voltages of 4 000, 3 000 and 2 000 volts. The tests were not in 
all cases continued until breakdown of the sample, since increase 
of power factor to about 0*06 or more was considered to con¬ 
stitute failure. 

The variation in power factor and permittivity during the 
course of the exposure to direct corona is shown in graph form 
in Fig. 2. When the sample failed by puncturing, the power 
b an d permittivity test was made on the undamaged part. 

Three samples to serve as controls were kept in a desiccator 
over CaCl 2 for a long period; the initial and final values of power 
factor and permittivity are given in Table 1. It will be seen that 


• Table 1 

Tests on Samples not Subject to Corona and kept in 
Desiccator over CaCl 2 


Sample 

No. 

Time in 
desiccator, 
hours 

Initial values 

Final, values 

Power factor 

Permittivity 

Po wer factor 

Permittivity 

1 

192 

0-0235 

3-37 

0-0213 

3-24 

2 . 

144 

0-0227 

3*31 

0-0217 

3 • 15 

3 

144 

0-0227 

3-46 

0-0225 

3*27 


the power factor and permittivity both show small decreases 
after prolonged exposure to a dry atmosphere. 

The initial and final values of power factor, permittivity and 
change of weight of cellulose 'acetate caused by the corona, 
together with the acid values at the end of the test, are sum¬ 
marized in Table 2. The acid values given have been corrected 
by subtracting 015 ml as found in blank tests. It will be noted 
that samples 7, 8, 9 show a small improvement in. properties 
similar to that found for the control tests given in Table 1. ’ 

. : Some tests were .also made on two special cellulose acetate 
fihBS which were identified as Follows r— 

Sample A. High-acetyl film (plasticized): Acetyl value of 
acetate used = 56- 6%. Plasticizer 25%, " A ;; 

Sample B. Triacetate film,: (unplasticized): Acetyl Value 
,, ■'.==. si'6%. >' 



The results are given in Table 3. The initial low power factor 
of sample B is worthy of note, and, in addition, the fact that 
high-acetyl cellulose films are somewhat more resistant to the 
action of corona than ordinary films so far as increase of power 
factor and permittivity is concerned. 

The method of test for the varnished cloth differed slightly 
from the above in that the voltage at first applied was re&tively 
low but was then suitably increased in order to increase the in¬ 
tensity of the discharge and so to accelerate the deterioration. 

Fig. 3 shows the changes in permittivity, power factor and 
weight of three samples of 5-mil black varnished cloth as a result 
of exposure to corona. A voltage of 4 750 (r.m.s.) was applied 
for 35 hours continuously, and then raised to 5 000 volts. 
Sample No. 6 failed by puncturing after 59 flours. 4fter 
46 hours’ rest in a desiccator with calcium chloride, samples. 
Nos. 4 and 5 showed some regain in properties. After replacing, 
in position and re-applying 5 000 volts, the deterioration com 
Tinued, sample No. 4 puncturing after another 41 hours’ exposure. 
It will be noted that the changes in power factor, permittivity and 
weight were closely correlated. 

Fig. 4: shows the changeswhich occurred with 10-mil black , 
varnished cloth. A voltage of 5 000 was first applied and main* 
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Table 2 


Summary of Results of Corona Tests on Cellulose Acetate 


Sample No. 

i 

Applied 

volts 

(r.m.s.) 

Exposure to 
corona, 
hours 

Breakdown, 
if any 

Initial values 

Final values 

# 

Acid value, 
mlN/10 KOH 
referred to 

1 g 

Change of 
weight 
during test, g 

Equivalent 
weight of 
acetic acid 
from acid 
value, g 

Power factor 

Permittivity 

Power factor 

Permittivity 

1 

4 000 

4 

Mo 

0-0268 

3-87 

0-0597 

4-96 

7-0 

+ 0*018 

0*042 

2 

4 000 

4 

No 

0-0255 

3-63 

0-0575 

4-96 

7-2 

+ 0*033 

0-043 

3 

4 000 

4 

No 

0-0258 

3-65 

0-0701 

4-69 

7-5 

-f 0*028 

0-045 

4 

3 000 ! 

95 

Yes 

0-0225 

3-32 

0-0838 

5-47 

7-1 

+ 0-046 

0*043 

5 

3 000 

96 

Yes 

0-0238 

3-48 

0-0560 

3-97 

3-2 

+ 0-027 

0*019 

6 

3 000 | 

327 

Yes 

0-0228 

3-28 

0-0996 

4-81 

5-15 

+ 0-019* 

0*031 

7 

2 000 

336 

No 

0-0229 

3-36' 

0-0230 

3-15 

0-05 

-0*003 

— 


2 000 

336 

No 

0-0223 

3-36 

0-0224 

3-17 

Nil 

- 0*004 * 

— 

9 

* 

2 000 

336 

No 

0*0226 

3-32 

0-0222 

2-92 

Nil 

- 0*004 



# jhis sample was left for 40 hours in desiccator with no corona after 327 hours’ exposure, and it failed 3 minutes after being replaced on test. 


Table 3 

Effect of Corona on High-Acetyl Cellulose Acetate Film With and Without Plasticizer 


-- ** --- 

Sample 

Applied volts 
(r.m.s.) 

Exposure to 
corona, hours 

Breakdown, if any 

Initial values 

Final values 

Power factor 

Permittivity 

Power factor 

Permittivity 

J A 1 

i 

3 

4 

4 000 

4 000 

4 000 

4 000 

4 

4 

4 

n 

No . 

No 

No 

Yes 

0*0215 

0*0212 

0*0202 

0*0211 

3*58 

3-48 

3*44 

3*35 

0-0416 

0-0236 

0-0546 

0-0683 

4*43 

3*69 

4*35 

4*27 

B 1 

2 

3 

4 

4 000 

4 000 

4 000 

4 000 

3 

4 

4 

4 

Yes 

No . 

No 

No 

0*0127 

0*0138 

0*0132 

0*0130 

3-38 

3-41 

3-40 

3-40 

0*0248 

0*0210 

0*0403 

0*0211 

3*94 

3*87 

3*65 

3*77 
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Fig. 4.—Effect of corona on 10-mil black varnished cloth. (Corona 
layer above sample — 0-19 cm.) 


to corona, and which are given in Table 5. The period between 
these control tests extended over a number of days, and the 
results are given as percentage change per day. It will be seen 

r Table 4 


Measurements on Varnished Cloth after Exposure to 
Corona 


Material 

Sample 

No. 

Final values of- 


Final acid 
values, 
mlN/10 
KOH, re¬ 
ferred to 
lg 

K 

tan 8 

Increase 
in weight 
mg 

0* 005-in black var- 

4 

3-54 

0-0548 

7-8 

2-5 

nished cloth 

5 

3-61 

0-0823 

12-1 

2-6 


6 

3; 66 

0*0885 

13-2 

2-8 

0* 010-in black var¬ 

1 

4- 12 

0-0777 

22-6 

3-0 

nished cloth 

2 

4-10 

0-0896 

32-6 

2-2 


3 ' 

4 : 02 

0-0845 

29-7 

2-6 

0 * 005-in yel low var¬ 

10 

3-26 

0-0927 

9*6 

2:7 

nished cloth 

11 

3-34 

0-0836 

ID-2 



12 

3-35 

*0-0668 

11-1 

2-6 

0 • 010-in yellow var¬ 

7 

5-08 

0-0117 

49-8 

2*8 

nished cloth 

8 

5*02 

0-0111 

63-2 

2*4 ' 


9 

4*45 

0-0949 

45-9 

2-7 


that the, change in properties of the samples during the corona 
tests on account of ageing are negligible compared with the 
changes directly attributable to the action of the corona, and, in 
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.Table 5 
Control Tests 


* 

Initial values of— 

Percentage change in properties per day in— p 

Material Sample No. 

Permittivity 

Power factor 

Weight, 

g 

Permittivity 

Power factor 

Weight 

0*005'in black varnished 13 

cloth 14 

15 

3*42 

2*78 

3*31 

0*0250 

0*0207 

0*0276 

1*4651 

1*4415 

1*4679 

-0*1 
-0*04 
+ 0*02 

-0*06 * 
-0*02 
-0*22 

- 0*001 
- 0*001 
- 0*002 

0-010-in black varnished 1 16 ‘ 

doth I 12 

| 18 

3*60 

3*17 

3*68 

0*0321 

0*0231 

0*0294 

2*9490 

2*8549 

2*8541 

-0*32 

-0*40 

.-0*50 

-0*44 
+ 0*56 
-0*25 

-0*01 

-0*01 

-0*09 

0*005-in yellow varnished ; 10 

cloth 20 

1 21 

3*23 

3*28 

3*26 

0*0337 

0*0340 

0*0321 

1*7614 

1*7413 

1*7486 

- 0*09 
-0*09 
+ 0*002 

-0*12 
-0*11 
- 0*02 

-0*01 

- 0*003 

- 0*006 

*0*010-in yellow varnished ; 22 

clqjh 23 

! 24 

3*42 

3*63 

3*34 

0*0373 

0*0405 

0*0398 

3*0160 

3*1429 

3*0970 

-0*11 
- 0*04 
+ 0*02 

-0*08 

-0*02 

-0*06 

+ 0*01 
+ 0*01 
+ 0*02 



most cases, are probably due to a slight improvement in pro¬ 
perties consequent on further gradual drying. 

(7) SUBSIDIARY TESTS 

(7.1) The Effect of Direct Corona on Black Varnished Cloth 
and Cellulose Acetate Compared 
•In order to enable a direct comparison to be made between the 
results obtained in the present tests and those on 5-mil cellulose 
acetate film, samples of 5-mil black varnished cloth were exposed 
to corona in the arrangement employed previously, i.e. the air 
gap of 0-089 cm was used. . 

The two Sets of results obtained are summarized in Table 6, 
the values for cellulose acetate being reproduced from Table 2, 
the acid values being corrected by subtracting the mean acid 
value of the untreated control samples. 

It will be observed that, taking into account the different ex¬ 
posure times, the cellulose acetate is less affected by corona so 
far as changes in power factor and permittivity are concerned, 
although it gives greater increases in acid value and weight. 

Samples of 5-mil black varnished cloth when exposed to corona 
as above with an applied voltage of 4 000 volts were found to fail 
by puncturing in a few seconds. Cellulose acetate films of the 
same thickness in the previous work withstood this voltage tor 
severafhours. 


Table 6 

Comparison of Results on 00D5-in Black Varnished Cixjth and Celluiose Acetate Film 
{Thickness of Air Layer above Sample = 0 089 cm) 


Material 

> ■’ 

Sample 

No, 

0-005-in black varnished 

'./A 

cloth 

26 

« . . 

27 : 

0*005-in eelltitose acetate 

4 

film * 

'•. '5Y : - 

6 


Initial values of— 


Permittivity Power factor We ^ ht > 


0'0239 

0*0256 

0*0247 

0*0225”” 

0*0238 

0*0228 


Applied Period of 
volts exposure, 

(r.m.s,) hours 


Final values of— 


Permittivity Power factor W g Sht ’ 


>0*135 

> 0*120 

0*104 


Increase in 
acid value 
due to 
exposure, 
mlN/10 

KOH, re¬ 
ferred to 1 g 


1-726 3 000 

1-695 r 3 000 
1-698 3 000 


(7,2) The Effects of Direct and Indirect Exposure to Corona 
Compared 

A comparison of the effect of corona impinging directly on to 
the surface of the sample with that produced merely by the 
gaseous discharge products was carried out by means of the 
electrode system shown in Fig. 7. A disc of aluminium gauze 
was cemented between two glass rings which rested on a sample 
disc of the material. Another sample disc of a smaller diameter 
rested on the top of the gauze, and on this was placed a plane 

metal disc with a thin strip of tinfoil folded round the edge of the 

upper sample so that the gauze was connected electrically with the 
h.v. terminal. The lower sample was exposed to direct corona 
formed in the intermediate air space, whilst the upper sample was 
simultaneously exposed to indirect corona, i.e. only to the gaseous 

discharge products. , , , , . * 

. The whole arrangement was assembled m a closed desiccator 
containing calcium chloride as in the ordinary tests. 

Owing to the heating effect of the corona, the aluminium gauze . 
bulged downwards slightly, making the thickness of the air layer - 
indefinite, consequently somewhat lower voltages were required 
than in the previous tests. . „ 

The results of tests on 10-mil yellow varnished cloth are shown , 

in Fig 8 A voltage of 3 200 volts was first applied, which was 

increased to 3 600 volts after 24 hours, the latter voltage being 
maintained for a further 46 hours. 


iiri , 'n™ 



mi , jl 111 
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H,V. terminal * 




Tin foil strip connecting 
gauze to H.V. supply 



Lower electrode. 

•Air space. 
Aluminium gauze. 
•Lower sample subject to direct corona. 
•Upper sample subject to indirect corona. 


Fig.'_7.—Method of comparing the effects of direct and indirect corona. 



The samples were tested in pairs 13 (a), (b) and 14 (a), (b) 
respectively. Similar tests on 10-mil black varnished cloth were 
carried out with the results shown in Fig. 9, the two pairs of 
samples being 15 (a), (b) and 16 (a), (b) respectively. In this case 
the regain in properties after removing the voltage was-measured 
up to a period of 30 days. It is to be noted that the (b) samples 
were of a smaller diameter than the (a) samples, and therefore 
the increases of weight of the two sets of samples are not strictly 
comparable, 

: ^ results indicate that deterioration as estimated by increases 
in power factor and permittivity is mostly, if not entirely, due to 
the effect of the corona gases, any damage to the sample which 
may be caused by bombardment of the surface by electrons or 
ions not being made manifest by these criteria. 

(7.3) The Effect of Corona in Oxygen and Nitrogen 
Samples of cellulose acetate and 10-mil yellow varnished cloth 



Fig. 9.—Effects of direct and indirect corona on 10-mil black 
varnished cloth. 

were exposed to the action of direct corona in the same apparatus 
as used for the tests described in Section 5, except that the glass 
container (desiccator) was evacuated after the samples were 
placed in position and then filled with oxygen or nitrogen taken 
from a cylinder. The pressure of the gas was made slightly 
greater than atmospheric and then equalized by a momentary 
opening of the stop-cock. For the cellulose acetate samples a 
corona layer of 0-089 cm was used and a voltage of 4 000 volts 
was applied for 4 hours. Power factor, permittivity and weight 
tests with a final acid value determination were made before and 
after exposure. The results are given in Table 7. In the case 
of the varnished cloth samples in oxygen the corona layer was 
0-19 cm and 5 500 volts were applied for 27 hours with inter¬ 
mediate periods of rest. In nitrogen 5 500 volts was applied for 
10 hours and then 6 000 volts for 11 hours after a “rest” interval. 
The results are shown in Figs. 10 and 11. 

A comparison of the results for cellulose acetate wij,h those 
obtained in air as given in Table 2 shows that the power factor 
values produced by corona in oxygen were practically the same 
as those obtained in air, but the permittivity, change of weight 
and acid value figures were definitely lower. It is to be seen that 
corona in nitrogen caused no appreciable change. '■■■'* * . 

The results of the tests on varnished cloth show that the de¬ 
terioration due to corona in pure oxygen occurred with an ap¬ 
plied voltage of 5 500 volts as in air but at a slower rate, and the 
increase in weight corresponding io the same final power factor 
(4 ■ 8-5 • 4 %) was roughly the same. On the other hand, there 
was again no appreciable change in power factor or permittivity 
due to corona in nitrogen, but there was a small less of weight. 
At the same time, however, puncture of both samples occurred 
after periods of 9 and 21 hours respectively, thus demonstrating 
the existence of- some form of progressive deterioration which is 
not indicated by power loss tests. r * * 

The samples tested in oxygen developed white, chalky areas, 
whereas those in nitrogen became a light uniform grey, with no 
local patches. . 
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•Table 7 . 

Effect of Corona on C llulose Acetate in Pure Oxygen and Nitrogen 


Sample No. 


Test gas 

Applied volts 

Exposure to 
corona. 

Breakdown, 

Initial values 

Final values 

Acid value, 
ml N/10 

Change 
- of weight 


(r.m.s.) 

hours 

it any 

Power factor 

Permittivity 

Power factor 

Permittivity 

referred to 

1 g 

during test, 
mg 

o 2 

4 000 

4 

No 

0 0213 

3*12 

0*0617 

4*05 * 

3*3 . 

+ .4 

0 2 

4 000 

4 

No 

0*0235 

3*28 

0*0741 

4*07 

2*6 

- 2 

n 2 

4 000 

4 

No 

0*0220 

3*30 

0*0244 

3*60 

0*1 

- 6 

n 2 

4 000* 

4 

No 

0*0241 

3*77 

0*0263 

3*83 

0*1 

Nil 

02 

4 000 

4 

No 

0*0255 

. 3*94 

0*0531 

4-19 

1*6 

Nil 

02 

4 000 

4 

No 

0*0244 

3*78 

0*0465 

4*02 

1*4 

- 1 
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Sample W7 ®— 0 
Sample N|I8 0-0 


Exposure • to corona, hours. 

Fig. 10.—Effect of corona in oxygen on 10-mil yellow varnished cloth. 

(Corona layer above sample = 0-19 cm.) 

*. (7.4) Visual Changes Caused by Corona 

After the exposure of cellulose acetate to corona the material 
was found to have warped somewhat as if it had increased in 
volume, and white translucent areas appeared on the previously 
trarftparent surface. A faint odour of acetic acid could be de¬ 
tected and the brass electrode used for the power factor and 
permittivity tests invariably became discoloured after contact with 
the sample. 

The surface of the varnished cloth samples was also altered by 
corona. After exposure sufficient to cause an appreciable change 

in properties, the varnished cloth was found to have lost its 
polish and become dull on the exposed side, and a few dull 
patches were also to be observed on the side next to the earthed 
electrode, indicating that probably some discharge occurred on 
• this side at areas hot in direct contact with the metal. - 

A typical appearance of a sample after exposure is illustrated 
in Fig* 12, which was observed in the case of 5-mil black varnished 
cloth sample No. 4, fable 4, This sketch is drawn half full size. 
The two different types of surface change shown in-the sketch are 
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Exposure to corona, hours 

Fig. 11.—Effect of corona in nitrogen on 10-mil yellow varnished cloth. 
(Corona layer above sample = 0-19 cm.) 

quite distinct and indicate the existence of two separate processes 
originated by the discharge. 

The samples subject to only indirect corona as in Section 7.2 
became slightly dulled' over a more or less irregular area, but the 
small darker circular patches indicated in Fig. 12 were absent. 

(7.5) Power Factor and Permittivity Tests on Cellulose Acetate 
known Free Acetic Acid Content 
Two discs of cellulose after drying as before were subjected to 
an atmosphere saturated with acetic acid vapour. The samples 
gradually increased in weight due to absorption of the vapqur, 
and power factor and permittivity tests were made at intervals. 
After power factor values had increased to over 6%, the Samples 
"i^er^ v:ekp^i-'i-:iU' a desiccator over CaCl 2 and gradually their 
weight decreased owing to loss of the acetic acid. Thus the 
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Puncture of sample Shaded area 'dull patch, 

occurred here. 


Fig. 12.—Appearance of surface of sample No. 4 after exposure 
to corona. 

samples were taken through a cycle and the results are shown in 
Fig. 13. The acetic acid contents of the samples were corrected 
to the equivalent for 1 g of sample and thus correspond to the 
acid values given in Table 2, and for comparison these values 
are also shown in Fig. 13 by circles. 



Equivalent acid value referred to Ig. (ccsN/IO) 


Fig. 33.—Variation of power factor with free acetic acid content. 

it is clear that the increases of power factor and permittivity 
caused by corona are considerably greater than tjie values to be 
anticipated on the assumption thatthe^af^ 
tiorr pf acetic acid produced by decomposition.: '/ 


. (7.6) Visual and Photographic Investigation of the Corona 
Discharge 

It was suspected from the somewhat erratic nature of the re¬ 
sults that, notwithstanding the plane-parallel air layer employed, 
non-uniformities in the corona discharge were present owing per¬ 
haps to minute imperfections in the surface of the samples. To 
investigate this a method was developed whereby the discharge 
was produced in an air space bounded on one side by a glass 
plate, the arrangement being similar in principle to that described 
by Robinson 5 for the investigation of ionization in voids between 
layers of cable insulation. The apparatus used is shown in 
Fig. 14, which is almost self-explanatory. A cellulose acetate 



Fig. 14.— Arrangement for visual and photographic examination 
of corona discharge. (Not drawn to scale.) 


sample, being transparent, can be placed directly under the glass 
plate as in the Figure, so that the discharge is bounded by the 
material and a metallic surface, the conditions present in the 
corona tests. With varnished cloth this cannot be done, and 
the material, being opaque, has to be placed on the lower metal 
surface, the discharge now being bounded by dielectric surfaces 
on both sides. The air-gap spacings were 0* 127 cm for cellulose 
acetate and 0*19 cm for varnished cloth. The discharge*was 
observed visually or photographed from above in the direction 
parallel to the applied electric field. 

When a sufficiently high voltage was applied blue-green sparks 
were observed. They had the appearance of a large number of 
points of light *in continual motion very similar to Brownian 
movement. As the voltage was increased the points of light 
became more numerous and ultimately the entire^area wa^more 
or less uniformly illuminated. 

The value of the applied voltage used was just above the value 
required to give a dense and uniform distribution of sparks when* 
observed visually. Although an additional factor was introduced 
into these tests owing to the presence of the glass electroSe, sub¬ 
sequent oscillographic tests indicated that the character of the 
discharge was similar to that when a metal electrode was employed 
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and thus the information yielded by these tests is probably 
generally applicable. 

Tfie whole area of the discharge under the liquid layer was 
photographed approximately full size. Hypersensitive panchro¬ 
matic films were used with an exposure of 30 seconds, using a 
small camera with an //3 • 8 lens. 

Visually no concentration of the discharge can be detected, but 
the photographs showed very clearly the development of local 
discharge concentrations and in the case of cellulose acetate the 
outline of areas caused probably by the sample warping. Two 
typical photographs obtained with 5-mil varnished cloth are 
reproduced in Figs. 15 and 16 to illustrate the phenomenon.* 
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Fig. 16.—Photograph of discharge on same area as in Fig. 15. Taken 
after 6} hours’ continuous exposure. 

(7.7) Determination of Corona Onset and Extinction Voltages 
When discharge occurs in an air-gap of the type and dimen¬ 
sions employed, the current transient is relatively large and does 
not require any special type of detecting circuit such as is neces¬ 
sary to give an indication of discharges in minute voids. In the 
present instance observations were made with a low-voltage 
sealed-off cathode-ray oscilloscope, with the circuit shown in 
Fig, 17. The potential drop across a non-inductive resistor R 
was applied direct to the deflecting plates, and the onset of 


« 


# Fig. 15.—'Photograph of discharge on 0- 005-in black varnished cloth 
immediately after. switching on. Applied voltage 7 800 volts. 
(The black curved line in the upper right-hand corner is a part 
of the wire making contact with the liquid on the upper glass 
surface.) 

Directly after switching on there is apparently a tendency for the 
statistical distribution of the sparks to be related to the pattern 
of the cloth (see Fig. 15). This shows up in the photograph owing 
to the 30-second exposure, but it cannot be observed visually as- 
the persistence of vision is too short. After some time this 
statistical distribution tends to become more uniform, but spark 
concentrations at one or more particular points now appear (see 
Fig. 16). . 

It is supposed that these localized concentrations are the mani¬ 
festation of microscopic disintegration which finally leads to 
breakdown of the sample. 



Fig. 17.—Circuit for determination of corona threshold voltages. 


corona as the voltage was raised was clearly indicated by a rapid 
transient which occurred close to the instant when the current 
would otherwise pass through, zero, this instant of course corre¬ 
sponding in time with the applied crest voltage. Corona ex¬ 
tinction voltages were obtained by decreasing the applied voltages 
and noting when the transient discharge currents vanished. The 

b 8 
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was 1-7,* so that the crest voltage corresponding to 5 000 volts 
r.m.s. as used in the tests reported in Section 6 was 8 500 volts, 
i.e. roughly 25% more than the extinction voltages. Certain 
other points of interest with respect to the discharge charac¬ 
teristics observed will be discussed in another paper since, 
^although important, they have no immediate relevance to the 
present problem. It deserves mention, however, that oscillo¬ 
grams of the current wave form somewhat unexpectedly gave no 
indications of asymmetry notwithstanding the asymmetrical 
nature of the surfaces bounding the discharge space. 

(8) DISCUSSION OF TEST RESULTS 
(8.1) General 

It is proposed to employ for convenience the terms “dielectric- 
loss deterioration” and “electric-strength deterioration” to de¬ 
note the two distinct processes which appear to be engendered by 
exposure to corona, these terms being defined as follows:— 

Dielectric-loss deterioration denotes the change which is made 
manifest by correlated increases in the permittivity and power 
factor of the material. 

Electric-strength deterioration denotes the change owing to 
which the material fails electrically by being punctured when 
•exposed to direct corona. 

Chemical deterioration, as reflected in development of acidity, 
and mechanical deterioration are separate aspects which are out¬ 
side the scope of the present paper. 

The results of the tests employing exposure to direct corona 
show that with varnished cloth, dielectric-loss deterioration 
becomes perceptible in a few hours when the applied voltage 
•exceeds the corona extinction voltage by about 25 %. Cellulose 
acetate shows similar behaviour. This deterioration is correlated 
with an increase in weight. During “rest” periods some regain 
of properties occurs with corresponding loss of weight. The re¬ 
gain, so far as can be judged, is practically complete with a short 
exposure followed by a long “rest” period, but with long ex¬ 
posures and higher corona intensities the improvement after a 
• “rest” of many days’ duration is small. 

Chemical tests indicate that exposure to corona causes cellulose 
acetate to decompose with production of acetic acid and pre¬ 
sumably cellulose, but the power-factor and permittivity values 
are substantially higher than are to be expected from the free acid 
content. With varnished cloth the increase of free acid 
content is relatively small and is also not apparently sufficient to 
account for the dielectric-loss deterioration or the increase in 
weight. 

The most reasonable explanation of these facts is that dielectric- 
loss deterioration is, in the main, due to absorption by the 
material of one of more of the gaseous discharge products, and 
regain during “rest” periods occurs owing to desorption. The 
gaseous absorption is initially a reversible process, but slow irre¬ 
versible chemical reactions with the absorbent apparently take 
place, so that with a prolonged exposure the material is per¬ 
manently damaged. 

The fact that the increases of power factor and permittivity are 
closely correlated leads to the conclusion that the dielectric-loss 
deterioration is a macroscopic or volume effect, since if only 
highly localized areas were affected it is unlikely that any sub¬ 
stantial changes in permittivity would occur. 

Furthermore, it may be noted that the increase of weight per 
gramme of material is roughly independent of thickness in the 
case of black varnished cloth, and with 10-mil yellow varnished 
cloth the increase is three times that with 5-mil grade, which 
shows clearly that the processes are not confined to the surface. 

In all the tests only one instanceoccurs of a large rise in power 

. th«‘ for 5”/ result of including a resistor in the primary circuit of 


factor unaccompanied by a rise in permittivity or weight (sample 
No. 10). A result of this nature probably indicates the presence 
of one or more local low-resistance paths. 

The results of the tests in which samples were subjected to 
direct and indirect corona simultaneously support the view that 
dielectric-loss deterioration is a consequence only of exposure to 
the gases present in the discharge. With yellow varnished cloth, 
for example (see Fig. 8), the effects of direct and indirect corona 
are practically the same and, although there are small differences 
in similar tests on black varnished cloth (see Fig. 9), they are not 
of great significance, taking into account that the aluminium 
gauge has possibly a shielding effect in some cases. The regain 
of properties after several weeks’ rest exhibited by the samples in 
these tests is noteworthy and demonstrates the absence of per¬ 
manent dielectric-loss deterioration due to electronic or. ionic 
impact. 

The existence of electric-strength deterioration as a distinct 
factor having no relation to dielectric-loss deterioration, is 
demonstrated by the results of the direct corona tests in pure 
nitrogen. In this gas no dielectric-loss deterioration'-occurred, 
but some of the samples failed electrically by puncturing at the 
same voltages as in air. This result was not unexpected in view 
of the fact that in the previous tests the occurrence of breakdown 
was apparently unrelated to the power factor and permittivity" 
values. Details of tests in which breakdown of sample occurred 
are given in Table 9. 

Since dielectric-loss deterioration is a volume effect, whereas 
electric-strength deterioration is a surface effect, the thick samples 
should be capable of developing the former to a greater degree 
without breakdown than the thin samples. The results show that 
this is the case. * 

The dielectric-loss deterioration caused by direct corona in 
oxygen was only slightly less than in air, indicating that it is a 
consequence mainly of the action of ozone, but is accelerated 
somewhat by the presence of oxide of nitrogen. 

The loss of weight as a consequence of exposure to direct 
corona in nitrogen is of some interest, as it is much greater than 
that shown by the control samples and must therefore be caused 
by the discharge. It is possible that minute solid particles may 
be tom from the surface of the material, which would account 
for the change in the surface appearance which is observed, but 
the loss of weight may be caused merely by the evolution of 
residual solvent as a result of the temperature rise. 

When the results of the tests on cellulose acetate and varnished 
cloth which were made under the same conditions are studied (see 
Table 6) it is seen that whereas dielectric-loss deterioration is 
slower with cellulose acetate than with varnished clotK increase 
of acid value and weight is greater. It is clear, therefore, that 
it would be inadvisable to employ only one property as a criterion 
to corona resistance. 

Although there is as yet no definite proof, it is probable that 
electric-strength deterioration is associated with the action of the 
discharge concentrations, the existence of which is demonstrated 
by the photographic records. This question is now under in¬ 
vestigation and will be considered in a future report. 

(8.2) Theory of the Discharge Process 

It may be useful here to consider in the light of modern 
theories the mechanism of the processes which peefir in a staBilized 
discharge such as that employed in the tests. Oscillographic 
records and visual observation show that the corona is a discon¬ 
tinuous phenomenon and that a number of discharges, occur 
between discrete points on the dielectric and the^etailic electrode 
as the applied voltages' alternate, and that the direction of the 
field is without influence. When the metallic electrode is negative 
stray electrons in the air-gap produce some ionization, which leads 
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Table 9 

Details of Tests in which Breakdown of Sample Occurred 
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Details of corona exposure 



Thickness of 






Material 

Sample No. 

sample, 

air space, 

Gas used 


Period under 




cm 

cm 


Applied volts 

corona before 







(r.m.s.) 

breakdown. 








hours 

n 


Cellulose acetate 

4 

0*013 

0*089 

Air 

3 000 

96 . 

See Table 2 


5 

0*013 

0*089 

Air 

3 000 

96 



6 

0*013 

0*089 

Air 

3 000 

327 


Black varnished cloth | 

4 

0*013 

0*19 

Air 

5 000 

59 

See Table 4 and Fig. 3 


5 

0*013 

0*19 

Air 

5 000 

106 



6 

0*013 

0*19 

Air 

5 000 

123 


Yellow varnished doth j 

12 

0*013 

0*19 

Air 

5 000 

16 

See Table 4 and Fig. 5 

"Yellow varnished doth i 

! 17 

0*025 

(5*19 

0 2 

5 500 

8 

See Figs. 10 and 11 


19 

0*025 

0* 19 

n 2 

6 000 

6 


• 

20 

0*025 

0*19 

n 2 

5 500 

10 



B to a positive space charge some distance from the cathode owing 
to the higher electronic mobility. The positive space-charge in¬ 
creases the transverse Held and at the same time gives rise to a 
radial Held. Electrons are therefore drawn rapidly from the 
neighbourhood of the cathode and adjacent regions and produce 
by collisions a strong wave of ionization which develops into an 
electronic avalanche by photo-electric action or otherwise, and 
thi* is probably the source of the spark which is observed. 
When this reaches the dielectric the electrons build up a charge 
of negative ions on the surface, since movement within the 
material is restricted; the discharge is then distinguished. When 
the metallic electrode is positive, a positive space-charge is 
formed nearer the dielectric and the electron avalanche proceeds 
towards the anode as before. The discharge will again, ih 
general, be self-extinguishing owing to the inability of the dielec¬ 
tric to supply electrons necessary for its maintenance. 

Thus, apart from the action of the gaseous products of the dis¬ 
charge, the dielectric is exposed to only a relatively weak elec¬ 
tronic bombardment in the one case or to a high field tending to 
detach negative ions together with positive ion bombardment in 
the other case. 

The question now arises as to the nature of the non-uniformity 
which is the origin of the discharge concentration and ultimately 
the source of microscopic deterioration and electrical failure. 
Since th£ discharge concentration requires some time to become 
observable, it is clear that the initial heterogeneity is very minute 
but susceptible to development. The intensity of the individual 
discharge certainly depends upon the supply of electrons, and at 
thispStage three possib litks may be suggested as to the mechanism 
involved, namely:— 

(a) Presence of a minute particle of impurity capable ot 
yielding a few electrons at first, and subsequently undergoing 
decomposition with the production of a more abundant supply. 

(b) Presence of a minute source as in (a) which causes a dis¬ 
charge of somewhat higher intensity than on other parts of the 
surface, as a result of which the adjacent material is decomposed 
by heating or bombardment and thereby provides a more copious 
source of electrons, the action being cumulative. . 

.(c) Some of .the • electrons which - possess: a higfc- velocity on 
* colliding with the material may penetrate the surface amLbecome 
rapped in a potential hollow. The positive5&a<£;^ 
near the surface on reversal of the field will attract these etectrons, 
.and under favourable circumstances the force may become su - 
ciently high to overcome the potential barrier, in which case e 


electrons will be rapidly accelerated and thereby cause ionization- 
and decomposition of the material in their passage outwards, and * 
thus give rise to a source of electrons. 

It would be of interest to know whether puncture always occurs- 
with the same field polarity, and it is intended to investigate this 
point in the tests which are now in progress. 

Nevertheless, it is clear that the question of breakdown during, 
corona is entirely distinct from any permanent deterioration 
caused by corona. The development of a suitable nucleus is. 
undoubtedly a deterioration but is a microscopic effect and not 
normally to be detected by any macroscopic process, and it would 
be difficult to employ microscopic methods except those in which, 
an actual discharge is used. ' . , 

It may also be noted that the waves of ionization which give 
the current “kicks” in the ^discharge are very rapid. High- 
frequency components due to similar discharges in condensers, 
etc., have been observed up to 50 Mc/s. Thus the speed is the 
same as in gaseous discharges where the time of building is of 
the order of 10~ 7 to 10~ 8 sec and where h.f. components, as in 
sparking plugs, have been observed up to 150 Mc/s and possibly 
300 Mc/s. 

(8.3) Assessment of Corona Resistance 
It has been demonstrated that it is impossible by a single test 
to assess the deterioration caused by the exposure of insulants to 
corona, since failure in a given case may be due to change in 
stress distribution, chemical or mechanical instability, or break¬ 
down at a weak spot according to the conditions of use. Two - 
tests are in general necessary, for general deterioration and for 
electric strength deterioration respectively. \ -’ u 

When the material may have to withstand the attack of the 
gaseous products of the discharge, but not directly exposed to 
the discharge field, only the general deterioration reqmres con¬ 
sideration, and may be studied by exposing the material to the 
active gases generated separately in an ozonizer. The criterion 
of deterioration would be decrease in dielectric properties, 
increase of acidity, and/or decrease in mechanical strength. 

to the manner in which the insulant is to be employed. 
On The other hand, when ^ corona (he. ex¬ 

posure to the actual discharge field) is in question, electric- 
strength deterioration is, in general, of greater importence and 
may be investigated by exposing the material to corona m a given 
air gap at a given voltage with observation of the time lapse to- 
This test might be accelerated by a regular increase- 
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of the voltage up to breakdown after a given period of exposure 
at the standard voltage, a comparison test being made without 
a preliminary treatment. At present it cannot be taken for 
granted that an accelerated test of this nature could be applied 
without altering the processes, and this question is now under 
investigation. Furthermore, although in general a plane air- 
gap is advantageous as a standard, yet for many purposes a 
cylindrical air space or a point-plane discharge may approach 
normal service conditions? more closely and might well be per¬ 
mitted as a variant. 

The utility of the time to breakdown method as a practical 
discriminatory test has in fact been demonstrated in a few tests 
on ignition cables, and it has been shown that some organic 
materials exist which definitely possess a higher degree of re¬ 
sistance to corona than others, at least so far as concerns the 
electric-strength aspect. 

For quality control, a proof test, specifying a minimum time 
of exposure without breakdown, might be imposed, in which case 
appropriate tests for general deterioration could be applied to 
the sample afterwards if required. 

(9) GENERAL CONCLUSIONS 
(a) The effect of corona on sheet insulating materials such as 
cellulose acetate and varnished cloth is to cause deterioration in 
two ways, which are recognized as:— 


is’no information as to whether this form of deterioration can 
be studied before it has developed into complete breakdown*- 

( d ) Both forms of deterioration begin to be appreciable when 
the applied voltage is about 25 % above the corona extinguishing 
voltage. The probability is that if the voltage is sufficiently high 
for corona to occur, ultimate failure of the insulation is only a 
question of time. 

( e) Cellulose acetate has greater resistance to corona than 
varnished cloth if the electrical aspect only is considered, since 
the rates of both dielectric-loss and electric-strength deterioration 
are slower for the former than for the latter; from the standpoint 
of chemical deterioration, however, cellulose acetate is inferior 
to varnished cloth owing to the more copious production of acid 
capable of attacking metal. 

(f) No single test is adequate for the determination of re¬ 
sistance to direct corona. At least two tests are necessary, one 
to show the resistance to general deterioration, the criterion being 
the change in property or properties selected according to the 
method of use, and the other to show the resistance to the micro¬ 
scopic form of deterioration, which is probably only detectable 
by exposure to a direct discharge. 

(g) The apparatus described in Section 5.2 (Fig. 1) is satis¬ 
factory for the purpose of the study of the effect of direct corona 
on sheet insulating materials under controlled conditions. 


(i) Dielectric-loss deterioration. 

(ii) Electric-strength deterioration. 

^ Dielectric-loss deterioration is a volume effect, and is due 
entirely or mainly to absorption of the gaseous products of the 
discharge followed by slow chemical reactions. It may be 
measured by the changes in power factor and permittivity which 
result. 

. ,(£“) Electric-strength deterioration is a local effect and occurs 
independently of dielectric-loss deterioration. It is probably 
- caused by electronic and/or ionic bombardment, which, owing to 
surface irregularities or inhomogeneities, becomes concentrated 
on certain points, with the result that one or more nuclei are 
produced on the surface by decomposition. Such nuclei provide 
a source of electrons which enables a “main” discharge stroke or 
electron " avalanche” to develop from the weak ionization of the 
corona, and this leads to the material puncturing. So far there 
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DISCUSSION ON 

“BONDED DEPOSITS ON ECONOMIZER HEATING SURFACES”* 

NORTH MIDLAND CENTRE, AT LEEDS, 18th JANUARY, 1944 

periments using polished *steei e r4ates < exDosed e to thehnn °r senenm than on many modern boiler installations. Have the 
gases on one fide Sd water cooled on ’the other A "f*- been able to relate modern ratings with bonded deposits? 

,4^po$it fprmeff very quickly on the side exposed to the thl'*** mUC £ int ^ esteddn the presence of aluminium sulphate in 

giving a “fly-paper” effect as the fine grits adhered to the stickv de P?sits. Have the authors reason to suspect the presence 

sufa^e, and se^M Jayers-of depSt S bS 2v ° f ^hate elsewhere than in the economizer? 

deposit was highly acid and corrosive. I tried to remove it hv fi _; 0rksbire £ oala are generally rather higher in sulphur than the 

steam blowers without success but it could easilv be washed Jr fi , s . ure ? ®v en by th ® authors > and the general experience in York- 
.by ^ter jetS A success, out it could easily be washed off shire is_ that soot blowing alone will not effective^ remove de- 

Can the authors say whether the rilled tuhe i« m™*. o„~ posits from economizes? tubes. The best method seems to be 
.. me ginea tube is more sus- water washine at regular * 1 * „„— a:... __ ; _ 


ceptible to bonded deposits than a plain tube? I have some 
■economizers m service with plain steel tubes and have not ex- 
iteneneed much trouble with deposits on them. It is true that 
the boilers are not of modem design and that the rating is m6re 

* Paper by t- R- Rvlands and J. R. Jenkinson (see 1944, 9J. Part ll, p. 77). 


—W —-- w... wuvywrvijf 1V1UUYV VIV/" 

posits from economizer tubes. The best method seems to Be 
water washing at regular intervals, according to our experience 
m Yorkshire, but I understand that in other parts of the doiinfry 
washing has not been effective. Can’the authorslhrow any light- 
on this variability? . 

_ We may have a long road to travel before combustion con¬ 
ditions are realized which will secure us against the formation* 
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of deposits in all parts of the. boiler, but much can be done by 
tacking the trouble at this end. More liberal ratings, the pro¬ 
vision of a combustion chamber of ample size, and the more 
effective use of secondary air, would 1 think, form an effective 
contribution towards preventing the formation of these very 
troublesome deposits. 

Mr. W. D. Jarvis: The authors have propounded a new 
hypothesis on the formation of bonded deposits on economizer 
and air-heater surfaces which depends upon the interaction of 
alumina in the fly ash particles, and sulphuric acid manu¬ 
factured locally from sulphuric anhydride in the flue gases. In 
support of their hypothesis the authors state that alumina and 
sulphuric acid are present in all deposits. They show that the 
two substances which-are active agents in producing bonded 
deposits are ferric and aluminium sulphates. From my own 
examination of many bonded deposits, it appears that not only 
alumina but also iron and silica are always present with sulphuric 
acid. These three radicals are present in a three-component 
system in fly ash which has passed through the furnace. I do 
not think* that the action of sulphuric acid on such an ash con¬ 
stituent will be as active as is suggested in the graph. With 
most Yorkshire coals the amount of iron oxide in the ash is 
.greater than that of alumina. 

If the hypothesis of the action of aluminium sulphate on the 
formation of bonded deposits may be accepted, the root cause 
of the manufacture of sulphuric acid and the formation of 
aluminium sulphate is the amount of ferric sulphate present, and 
more investigation is needed on the causes which produce this 
substance in place of ferric oxide. 
l£on and sulphur are present in coal as iron pyrites (FeS 2 ) which 
1 is less reactive with oxygen than coal substance; it is oxidized to 
ferric oxide and sulphur dioxide with difficulty. Under suitable 
conditions, it may provide a much greater source of ferric sul¬ 
phate than by the solution of economizer metal by a thin film 
of sulphuric acid. Ferric sulphate is deliquescent and takes up 
9 molecules of water when in contact with water vapour. On 
heating, in the presence of water and/or sulphuric acid, the 
hydrated salt behaves similarly to aluminium sulphate and finally 
sets as a hard bonded mass, I believe that the degree of oxida¬ 
tion of the iron has a considerable influence on the physical 
character of .the deposits. It is significant, however, that a 
greater weight of oxygen is required to form ferric sulphate from 
iron pyrites than to form ferric oxide and sulphur dioxide. I 
have mixed a fully-oxidized sample of coal ash witjl an amount 
of sulphuric acid equivalent to that found in economizer deposits- 
and then extracted the soluble deposits with water. Trori was 
not found in the aqueous solution, but alumina was present. 
It is probable that the fly ash in which the iron content is fully 
oxidized will be deposited as dust. Was the same amount of 
water used in each of the authors 1 experiments, and is the acid 
conqen^arion the same in each experiment? v ^ ■. 

I suggest that to control the formation of bonded deposits a 
more fully oxidizing atmosphere at all times should be main¬ 
tained' in the combustion chamber of stoker-fired boilers. 

Mr. E. Lunn; The majority of engineers in the industrial plants 
referred to have comparatively little trouble with their econo¬ 
mizers, although blunt scraper gear is liable to iron-on the scale 
instead of scraping it off. Cold feed-water does accentuate the 
/Rouble-experienced with soot blowers or scrapergear, and I have 
come across feed temperatures as low is 60° F in factory plan s. 
There is, however, a wide gap between the average fictory ; plan ? 
*an$ gefterating-station conditions. Although the _ dew-pom 
factoris .alloweff .to.be contributory in causing bonded deposits, 
the fact that they have been known to form when the metal 
i surfaces were well above the gas dew-pomt, indicates other 
contributory factors. ■ -^y •' 


The authors have‘undertaken a most difficult task, for their 
investigations have produced such conflicting and dissimilar 
data, e.g. in the Table on stations X and Y. It is interesting to 
find that aluminium sulphate, which forms a large part of die 
hard deposits, is inclined to be highly glutinous at about 420° F, 
which intensifies the building-up of the deposits. The starting-up 
of a plant with cold water through the economizer, with its re¬ 
sultant speeding-up of bonded deposits, is not treated as seriously 
as it should be by some engineers/ The authors warning 
against neutralizing agents in the washing water is worth noting, 
and as it is claimed that it is essential not to leave even O-Olin 
scale on any of the tubes, an effort appears to be called for to 
make economizers easily removable, and to install a spare, in 
order to reduce plant outage time and facilitate a more thorough 
cleaning of the unit. 

The changing of economizer soot blowers to blow with the 
gases instead of against them has proved a marked improvement. 

Mr. A. G. Connell: As regards the comparatively long duration 
of initial immunity after economizers are put into service, the 
authors will no doubt have paid careful attention to the first 
coat which is the beginning of the trouble. On the question of 
economizer washing, we must look to boiler designers to deter¬ 
mine the positions of economizers and air heaters relative to the 
boilers. 

Mr. H. H. Hobbs: The suggested method of preheating an 
economizer is unlikely to give a temperature much higher than 
100° F, owing to the difference between the mass of metal and 
the water capacity. I suggest the use of steam injection 
to raise the temperature to about 200° F. The weight of steam 
required would be only about one third of the weight of the 
water capacity, and the additional water added by condensation 
of the steam would pass forward into the boiler section. Means 

to provide circulation during the preheating period would be 

. required. It might be desirable to raise the temperature of the 
whole boiler unit by steam injection to prevent the deposit ot 
tarry substances during steam raising, and to maintam a higher 
gas temperature at the air heater. . . . . ’ 

The maximum deposit occurs where the gas velocity is highest, 
and as the grit concentration in the gases passing through the 
economizer may be three times greater than in the early passes 
of a boiler, due to the smaller volume, it would appear that a 
reduction in the draught loss across the economizer would slow 

down the rate of deposit. - , ., t 

The authors do not consider that moisture introduced by soot 
blowing is of great importance, but I have found that deposits 
hear soot blowers are more difficult to remove by hand than 
those more distant. I do not think that m any plant soot 
blowing is done throughout by superheated steam. There is 
always a period when the blowers are acting as drains passing 

Mr R. H. Coates: Although the paper deals specifically with 
deposits on economizers, reference is made to deposits on other 
parts of the boiler and I would like to raise a point with regard 
to such deposits. In Section 1.5 the authors appear to discredit 
the sodium salt hypothesis. Although the hypothesis the authors 
propound is well supported, I think, it would be a great Pity 
in accepting their hypothesis, we were led to reject equally^ 
sound hypotheses. The authors refer to the snail amount of 
sodium salts in the gases and consider that previous investigators, 
in giving figures for sodium sulphate in deposits, varying from 
84% to 2%, indicate that their results are unreliable. . 

In Sheffield, we have had deposits on superheaters, which, 
when analysed, have given up to 95% sodium or potassium sul¬ 
phate in one part and as low as 2% in other parts of the same 
deposit. The explanation put forward by our chemists over four, 
years ago is, briefly, that the conditions are such that on the 
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clean tube a thin deposit of alkali salt forms very slowly, because 
there is only a limited amount available in the gases. The tube 
surface is relatively cold and the layer of alkali is hard and not 
sticky, so that no ash is held. This is the period of immunity. 
As. the layer gets thicker, its surface temperature rises until a 
point is reached when it is sticky; at this point a thin layer of 
fine ash is held and seals up the sticky surface. 

A further thin layer of alkali forms and collects another thin 
layer of ash, and this second period of formation produces thin 
alternate layers of sulphate deposit and ash, similar in appearance 
t0 * n the paper. Thirdly, the temperature of the deposit 

is sufficiently high for the sulphate to remain freely fluid, and the 
ash and sulphate collect simultaneously. Finally, the surface 
temperature is sufficiently high for some of the ash itself to be 
soft, and the ash will build up apparently without the need of 
the sulphate bond. 

An analysis of the deposits gave:— 


Stages 1 and 2 


% 

Alkali sulphate .. 60 

Ferric sulphate .. 16 

Silica.. .. .. 9 

Iron oxide .. .. _ 

Alumina .. .. i 


Stage 3 Stage 4 

% % 

16 2.6 

31 

31 v- 

35 

the sodium- 
on surfaces 


26 
22 
22 

It is seen that, contrary to the authors’ contention, 
salt hypothesis can explain the period of immunity 


where the temperature conditions render the dew-point and the 
authors’ hypotheses totally inapplicable. r 

Mr. W. A. Slorick: Have the authors given any consideration 
to the possibility of electrostatic charges created by frictional 
electricity helping in the formation of the finger-like particles in 
the deposits? 

Mr. R. M. Longman: Greater attention should be given to 
combustion, and I suggest that greater turbulence, as in the case 
of powdered-fuel burners, would be an advantage, and this in 
turn may remove some of the sources of trouble in superheaters 
air-heaters and economizers. In general, the design of the com: 
Plete boiler is too much of a collective effort, and the greatest 
skill and experience is necessary in co-ordinating the several 
items to obtain the best results. ‘ 

The difficulties of generating engineers at the present time have 
been greatly increased by the poor and variable quality of fuels 
Possibly if colliery agents were made responsible for the opera¬ 
tion of the generating plant, the quality and uniformity of the 
fuel supplied would be much improved. 

The apparent period of immunity evidently demands much 
closer attention than has previously been given it, and a thorough 
wash-through, preferably with a caustic solution, would increase 
the period of immunity. 

[The authors’ reply to this discussion will be found on 
page 567.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 7TH FEBRUARY, 1944 


Mr. F. W. Lawton: War-time conditions have largely been 
responsibte for bringing into prominence problems associated 
W1 11 01 er ava Uability. The high loads which boilers are now 

called on to perform have resulted in both high and low tempera¬ 
ture zones being fouled, particularly on stoker-fired boilers, as in 
addition to the loading conditions fuels of varying character have 
been supplied. The authors are right in their statement that 
pulvenzed-fuel-fired installations are relatively immune when 
compared with stoker-fired units, but this is true only if the 
pulvenzed-fuel-fired units are very liberally rated. On the other 
and, stoker-fired units would be relatively immune from bonded 
deposits if, say, a'buming rate not exceeding 30 lb/ft 2 of grate 
area could be maintained* whereas in practice rates up to 55 lb/ft 2 
are common in the later types of boilers. . 

The authors are to be congratulated on their scientific approach 
to this most difficult problem, and they will no doubt agree that 
me chemical analyses of the deposits shown in the Table in 
section 2.1 areat best speculative, as in the deposits examined 
of sulphuric add, ferric sulphate, aluminium 
sulphate, feme, oxide, and alumina, presents some difficulty in 
obtaining a true combination of sulphuric acid with iron and 

aluminium oxides in the original deposit. 

In the analysis of the soluble matter given in the paper, it is 
unfortunate that sodium had not been determined, since its 
presence would reduce the figure for free sulphuric acid, and an 
equivalent amount of sodium sulphate would appear in the 
analysis. 

In pul verized-fuel-fired boilers, we have found deposits from 
the top bank of the tubes of the steaming economizer at the 
hottest part of the economizer where the outlet-water temperature 
is about 480 F. According to the hypothesis outlined in the 
I»per, which appears to be sound, this temperature would favour 
the formation of deposits by promoting the formation of sulphuric 
acid on the tube surfaces. 

The paper is a valuable contribution towards a more complete 
understanding of complex phenomena in low-temperature zones 
There are equally difficult deposits being formed at high boiler 


ratings in high-temperature zones, notably in the superheaters. 
So far, water washing of the affected surfaces is the most suitable 1 
means of removing the deposits so formed, but it is extremely 
difficult to clean the tube surfaces thoroughly by this means. 

By no means are ail the problems associated with boiler 
availability solved, and further investigations and field experi¬ 
ments are now proceeding under the auspices of the Boiler 
Availability Committee; and it is anticipated that in due course, 
when all the relevant data are available, a final solution will be 
found. Modifications in boiler design are clearly indicated by 
the information so far available, such as, for example, com¬ 
bustion-chamber shape and the disposition of burners in 
pulverized-fuel-fired installations. 

So far as stoker-fired units arc concerned, everything to date 
points to the fact that grates are being too highly rated for the 
conditions under which they have to operate, and many expedients 
have already been tried, such as reducing the proportion of fines 
fed to these units, and introducing lime over the gfate; even 
pulverized-fuel dust has been admitted. All these expedients, 
however, do not tackle the fundamental problem, and it will 
need much further research before a complete solution is likely 
to be found. 

Mr. L. F. Jeffrey: This appears to be the first serious attempt 
the problem of bonded deposits scientifically and 
logically. Having accepted a theory to account for these 
deposits, how can they be avoided? The authors have indicated 
m a general way some measures which might be taken, but I 
suggest that more attention should be given to the treatment of 
coal at the source, and possibly also in the combustion chamber 
of the boiler itself. .-..v 

The rating of boilers, and particularly stokers, must be kept 
reasonable limits. Mr. Lawton has given a figure of 
55 lb/ft of grate area per hour.; I have a plant working at a" 
higher rating about 58 lb/ft 2 per hour. The Responsibility for 
this state of affairs is not only with the boiler designers, because 
so often they have only a small space in which to put their plant, 
and it is only natural that they do their best in competition with 
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other makers to get the best out of that space. We must allocate 
more^pace and provide higher building costs to give the boiler 
designer a better chance. 

Mr. Lawton also referred to the features of the boiler proper, 
such as the shape of the combustion chambers. I would add 
the first pass of the boiler, with a view to giving the superheater 
a better chance. 

Why is it that some stoker-fired units will give a very heavy 
deposit on either economizers or air-heaters, whereas in others 
practically no trouble occurs? I recently visited a high-pressure 
plant in the London area where the main trouble was very heavy 
deposits in the air-heater passes; no satisfactory explanation of 
it was forthcoming. In my own experience the worst troubles 
'have been in the superheater zone; the authors have indicated 
that their line of approach might be applicable to the superheater 
zone. I should like to have further information on their proposed 
investigation. I think it is fairly well accepted that the sodium- 
sulphate hypothesis is to some extent applicable to the super¬ 
heater, for usually the initial deposit is a hard sodium-sulphate 
deposit which cannot be removed by soot-blowers or afiy other 
means. Another important point as regards the superheater 
zone is the fusion point of the ash. In this zone the degree of 
superheat must be maintained continuously. It is not satis¬ 
factory to start with 850 F and then at the end of 300 hours drop 
to 750° F,® I have had boilers which after 280 hours have been 
completely fouled. 

In my own experience water lancing has been installed with 
boilers 'of the Stirling type, and after 2 000 hours they were water- 
lanced off load approximately once a week without any fall in 
superheat. Washing on load caused the superheat temperature 
ftto (frop by about 50 F, 1 think the deposits should be pre¬ 
vented and soot-blowing and water-washing regarded merely as 
palliatives. Further investigations should be carried out on the 
superheater zone, and some satisfactory explanation of these 
deposits and means for their reduction proposed. 

Mr. F. H. S. Brown: The authors state that acid is manu¬ 
factured below the surface of the scale and close to the econo¬ 
mizer tube. If this is so, then what may be termed stage 1 of 
the manufacture of the scale, i.e. direct attack of alumina in the 
fly ash adhering to the acid-coated tube, can proceed precisely 
as the authors suggest. Further stages must, however, differ, 
since the fresh acid at the tube surface is mechanically protected 
from supplies of fresh alumina by the thin film of scale formed 
during stage 1 . 1 therefore suggest that the- acid formed after 
stage 1 must either attack the residual alumina still existing in 
the first layer of scale formed, or alternatively, being a weaker 
acid due 40 the lower temperature of the tube surface owing 
> to the thermal insulation effect of the first layer of scale, will 

* redissolve the precipitated aluminium sulphate, carry it m 
solution through the scale and reprecipitate it at the hotter gas 

• surface of the scale. In either case, I suggest that a migration 
of afUrrfinium compounds must occur away from the tube an 
towards the gas surface of the scale. 

This suggests a possible explanation of a phenomenon observed 

At one of our local stations, where we have induced-draught tans 
with a large reserve of power. Here a clean economizer gives a 
pressure drop of 1 in w.g., and 3 000-4 000 hr steaming gwes 
virtually no increase. After 4 000 hr the drop increases rapidly 
until at about >000-6 000 hr it is 4 in w.g. Normally we takeout 
the boiler and clean at or before this point, but re^ntly^due to 
the paramount importance at times of keeping thebouers on 
•load, we have steamed for as long as another 2 000 hr or more, 
\ usiilg in economizer with 4 in w.g. drop. The surprising ta 
that once the drop through the economizer has reached A m, 
further steaming for an indefinite period causes no appreciame 
increase in this drop, I submit that if the migration of alu- 
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minium salts suggested above does occur, then there must come 
a time when equilibrium is established and no aluminium com¬ 
pounds remain sufficiently near the tube for further acid attacks 
to take place. An equilibrium of some sort is certainly estab¬ 
lished at this 4 in w.g. drop, and, failing this explanation, I should 
be interested to hear whether the authors have any alternative 
to offer. 

Flue-gas temperatures are affected surprisingly little by this 
very thick scale. Why this is so I do not know, unless possibly 
the high turbulence of the gases due to the increased velocity 
caused by the narrowing of the gas spaces by the scale, increases 
the efficiency of heat transfer and thereby partially overcomes 
the insulation effect of the scale. 

Concerning the position of the air-heater: at our station we 
have plate-type air-heaters placed vertically above the econo¬ 
mizers, which has proved advantageous. Normally the air- 
heaters do not foul rapidly, but recently we decided to wash 
them and found that, as we expected, the water falling from the 
heater through the economizer, and so to waste, automatically 
washes the economizer without extra trouble. 

Dr. W. G. Thompson: The paper is an example of observation 
and deduction applied to most complex phenomena. The authors 
have attacked the problem mainly from the chemical standpoint, 
but I should like to comment briefly on a few of the physical 
concepts involved. It is known that the build-up of deposit on 
a cylindrical surface in a smoke tunnel is dependent upon the 
air-flow. This air-flow is of the type shown in Fig. A. The 



Deposit thickness oc 6 

Fig. A . , * . 

suspended matter is deposited with a thickness proportional to 
the complement of the angle of incidence, decreasing from a 
maximum along the axis of flow to zero at the tangential-flow 
position. The rate of build-up is directly proportion# to the 
surface roughness and a constant depending upon the adhesion 
of the suspended particles. With hard particles the line passes 
through the origin as shown in Fig. B, but with softer particles 

_j/Moisture film 
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Rough 


this line is displaced upwards. This suggests an explanation for 
the difference between the behaviour of hard pulvenzed-fuel 
combustion spheres and the lower temperature products from 
chain grates. Incidentally, the rate of deposition is increased 
enormously when a complete liquid film is formed on the sur¬ 
face gome of the deposits shown by the authors exhibit a wave 
formation towards the direction of gas flow; such a phenomenon 
can be’ produced by air-flow conditions. Is this so in the present 
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instance, or are the reasons purely chemical? Have the authors 
taken any micro-sections of the bond between the deposits and 
the metal? These might throw further light on the process of 
their formation. 

It is interesting that the deposits are not removed by the ex¬ 
pansion and contraction of the surface: this seems to indicate 


that their scaly, granular structure results in an aggregate with 
an appreciable amount of elasticity. Finally, is there any 
evidence of shot-blasting with the pulverized-fuel particles? 

[The authors’ reply to this discussion will be found on 
page 567.] 


WEST WALES SUB-CENTRE, AT SWANSEA, 19TH FEBRUARY, 1944 


Mr. J. Bruce: I cannot quite follow the authors’ reasoning as 
to why a plant should enjoy comparative immunity from deposit 
trouble during a period of approximately six months after being 
put into service. This is exceptional, for, in this initial period, 
numbers of shut-downs have to be accepted for making adjust¬ 
ments and the eradication of “teething” troubles, thus providing 
the frequent wide variations in temperatures which are stated 
to influence the rate of growth of the deposits. 

The authors theory, supported as it is by corroborative evi¬ 
dence, indicates that the reactions between certain constituents 
of the flue-gas dust and sulphuric acid account wholly for the 
formation of bonded deposits in the economizer. I agree that 
the fused-ash theory appears inapplicable at such a distance 
from the combustion chamber, and though plastic fused ash is 
the principal contributory agent in the bird nesting of the first 
rows of the boiler convection bank, its effect on more compli¬ 
cated deposits may, with low-fusion-ash coals, extend further 
than just the first bank of boiler tubes. 

In the economizer zone, can the dew-point be entirely ignored, 
especially where a high sulphur trioxide content is prevalent in 
the flue gases, and may there not be contributory factors other 
than the reactions detailed in the paper? 

The authors deal only with economizer deposits, but parts of 
the boiler heating surfaces just prior to the economizer can, at 
times, be operating under the conditions which they state can 
produce these deposits. Bonded deposits of an equally serious 
. nature also occur in the high-temperature sections of the boiler 
convection-heating surfaces and in the still higher temperature 
zone of the superheater. To both these zones, the authors’ 
theories cannot be applied. Does this mean that, from the com- 
biKton chamber to the gas outlet from the combined unit, fused 
ash, sodium sulphate, the processes described in the paper and 
the dew-point, all contribute within their respective temperature 
ranges to the formation of bonded deposits, all of different 
composition, throughout the complete boiler unit? ™ 

The suggestions and recommendations for mi nimis ing the rate 
of production of economizer deposits, in so far as these are 
affected by plant operation, are not always applicable. 

In a new station the first boiler unit, at least, has to be started 
up on cold water, and in new boiler plant that is an extension of 
an existing station, and in boiler filling after annual survey, etc. 
it is not always possible and not desirable to fill the cold unit 
with high-temperature water from the feed range. In any case, 
the weight of cold metal in a modem unit will rapidly cool the 
high-temperature water and thus nullify the advantage of the 
recommendation. 

. The authors’ recommendations of methods for cleaning the 
bonded deposits on economizers are probably advanced only as 
a temporary measure, for I do not think this suggestion is in¬ 
tended as a means to a final end. The suggestions as to water 
washing mean that the outage to wash and ensure removal of all 
salts in the washing water is such that the outage from chokage 
by deposits and the necessary clearance by washing will involve 
a time period that is entirely uneconomical. Further, if water 
w^ngts theonly thing left to us, I amperturbed at theauthors’ 
suggestions for radical alterations in the design of economizers 
and economizer housings, etc., to facilitate water washing all of 


which can only result in increased costs of boiler plant operated 
with travelling-grate mechanical stokers. 

Surely, in all the problems affecting boiler-plant outage re¬ 
sulting from bonded or other deposits, the cause and the remedy 
should be sought elsewhere than in the particular region where" 
these deposits occur. The paper emphasizes one significant fact: 
pulverized-fuel plants enjoy an immunity from bonded deposits 
very much greater than do boiler plants with travelling-grate 
mechanical stokers. I think research is required to determine the 
differences in the constitution of the products of combustion in 
pulverized-fuel and chain-grate travelling stokers. 

The paper mentions the effect of high contents of sulphur ' 
trioxide. I agree with the authors on this point concerning pul¬ 
verized fuel, but suggest that investigation should be made as to 
what zone in the chain-grate installation contributes most to the 0 
production of these oxides. It appears that the rear end of the 
travelling-grate stoker, where only ash and a small percentage of 
fixed carbon exist, could be a prolific source for the generation of 
these oxides from the pyritic sulphur carried in the ash. 

It should be pointed out that bonded deposits were known 
prior to the present abnormal conditions, and that they have 
now occurred in plants which were immune prior to the present 
abnormal conditions. The quality of the coal supplied to all" 
plants has deteriorated since these abnormal conditions super¬ 
vened, and, in spite of this deterioration, boiler plant operated 
on pulverized-fuel systems have been able to operate for long 
periods under fuel conditions of a very adverse nature without 
loss of availability. Can the authors give any information to 
show the effect of deterioration in coal quality on travelling- 
grate mechanical stokers and pulverized-fuel equipment, in 
so far as such deterioration affects the production of bonded 
deposits? 

Mr. A. C. Thirtle: The tendency for larger boiler units in¬ 
creases the importance of boiler availability. When it is realized 
that the boilers and their associated auxiliaries represent approxi¬ 
mately 45% of the total capital cost of a station, any efforts to 
increase the earning power of this plant, by improving its 

availability, are very well worth while. 

The paper is a most valuable contribution towards the solution > 
of one of the causes of low availability of boiler plant, but not 
too much stress should be laid on the effect of deposits on the 
general question of availability . This effect is referred to as one • 
of the chief groups of availability problems; while this isf cdtrect 
it is certainly not the cause of the greatest number of hours lost. 
The data presented in the paper by Messrs. Biles and Maxfield* 
show the chief culprits to be stokers and refractories. I think 
uus evidence and the present paper are strong arguments in 
favour of powdered-fuel firing as against stoker-fired units. We 
m Swansea can fully support the statement that hard bonded 
deposits do not occur with powdered-fuel firing. " 

I have had serious trouble with this problem on stoker installa¬ 
tions and would have welcomed the benefit of the authors’ re- 
search at that time. The deposits in question occurred on super-, 
heaters, economizers and, to a lesser extent, fur-heaters? The 
troubles on economizers were dealt with by washing’during 
annual overhauls, but this did not always avoid deposits in the 

• * See Journal TJE.E,, 1944, 91, Part Dt p. 254. ■ "V 1: 
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periods between'overhauls. My experience was that less trouble 
occurred with air-heaters of the Ljungstrom type, provided *soot 
blowing was kept at a minimum. Have the authors any in¬ 
formation regarding this type of air-heater? 

In Section 2.5 it is stated that “no sulphuric acid can form on 
a surface much above 640° F.” How do the authors account 
for the very hard bonded deposits on superheater tubes? 

The experimental demonstration recorded in Section 2.8 is 
most convincing. I have noticed this stalagmitic formation and 
fully agree with the authors’ hypothesis of the process of its 
formation. I have also found similar hard deposits on the 
blades of induced-draught fan runners, which were very difficult 
to remove by chipping. The easiest method was to remove the 


fan runner and stand it outside the power station near the river 
overnight, when the moist atmosphere softened the deposit, which 
could easily be washed off with a water jet next morning. Can 
the authors explain this hard deposit on fan blades, where the 
theory of a cooled surface does not apply? » 

I agree with the authors’ recommendations regarding the lay¬ 
out of plant where this trouble is likely to exist. In many cases, 
however, the limits of existing boiler space may prevent satis¬ 
factory arrangement of economizers and air-heaters, and plant 
can only be got into the available space by superimposing the 
air-heater on the economizer. I think all these difficulties 
strongly indicate that pulverized-fuel firing should be seriously 
considered as an alternative. ’ 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 


jVlessrs. J. R. Rylands and J. R. Jenkinson (in reply): We shall 
reply to the discussions in the chronological order of the 
meetings* 

Leeds. 

Mr. Henzell's experiments probably reproduced what we look 
• upon as the low-temperature range of conditions. If his steel 
plates we*e cooled below the moisture dew-point he would cer¬ 
tainly get a “fly-paper” effect. This condition sometimes occurs 
in industrial economizers where the entering feed-water has too 
low a temperature, and corresponds to the range mentioned in 
Section 2.8 (a). 

We do not consider that the plain steel tube, by virtue of its 
m restively smooth surface, has any advantage over the gilled type 
in respect of deposit formation. The temperature of the metal 
surface is a much more important factor. Boiler rating may 
influence deposit formation indirectly, since (a) high ratings 
are nowadays associated with high inlet feed temperatures, 
and ( b ) the combustion processes may influence the condition 
* of the alumina particles. More research is needed on this 

aspect. ‘ ‘ 

We have had the same experience as Mr. Jarvis with washing 
away deposits resulting from Yorkshire coals. Recent investi¬ 
gations suggest that not only iron, but also phosphorus, com¬ 
pounds may influence the nature of the bonded deposits; the 
iron sulphate may, in part, have been formed from the iron in 
the coal ash. 

In our investigation of the soluble proportions of bonded de¬ 
posits, a standard water quantity was used, but the resulting acid 
concentration varied .with the nature of the deposit. Recent ex- 

• perience shows that power-station economizers can be thoroughly 

cleaned in situ, and it is hardly necessary to consider going to the 
extreme suggested by Mr. Lunn, namely of installing a spare 
economizer. With our method of “pre-deposit” washing, results 
shdw that cleaning is a very rapid process. ■ ■■- 

| We agree with Mr. Connell in emphasizing the need for early 
£& removal of the initial deposit film, and for providing the proper 
.'y - ' facilities in the design stage. Mr. Hobbs makes, a good point 
in regard to preheating the various surfaces in the boiler pjant 
prior to starting up; the use of steam for this purpose would be 
economical. It is true that after a time soot-blowers often leaK 
and* pass moisture into the gas stream. Wo have^ met 1 cases 
where the rest ofthe economizer was clean, but the portion imme¬ 
diately under the blower nozzles was covered with a hard mass oi 

* d ^® k ^ oates ^ oints out ^ &e “ S0< jiam salt” theory may well 
contribute to the explanation of deposit formation on super- 
beaters: we agree, but we do not consider sodium salts to 

♦essential for the formation of bonded deposits on economizers. 


The deposition of fused alkali and ash particles by a process such 
as described by Mr. Coates may be the explanation of the ob¬ 
served “layer” formation, but since the constituents arrive at 
the surface simultaneously, the selective character of the process 
is difficult to explain satisfactorily. Yet a thin layer of alkali 
salt is often found at the base of a deposit on a high-temperature 
surface. It may be that in any event the alkali salts do not 
adhere to the surfaces until the latter have been attacked by ’ 
sulphur trioxide; the analysis given by Mr. Coates suggests that 
there is an initial film of iron sulphate which would, if present, 
agree with our explanation of the immunity period. 

Up to the present time, no test on the lines of Mr. Slorick’s 
suggestion has been practicable. 

Greater turbulence in the combustion chamber, as suggested 
by Mr. Longman, may have pronounced advantages from the 
combustion standpoint, but we doubt whether it would have 
much influence in preventing bonded deposit formation. There 
is much evidence to show that coal quality influences steam plant 
availability, and there is much scope for investigation in this / 
direction., 

Birmingham. :: 

Mr. Lawton suggests a definite association between bonded , 
deposits and firing rates; we have referred to this poiifft above. ; 
It is interesting to learn that deposits were found with pulverized- 
fuel-firing on steaming economizer tubes, and we consider that 
Mr. Lawton’s explanation is sound. For the Table in Section 2.1, 
we estimated the alkalis in both deposits, but the quantities found # 

were very small. -■ • ^ : 

In general we agree with Mr. Jeffreys remarks and confirm 
that further investigations from the standpoint of fuel charac¬ 
teristics are likely to lead to valuable results. It is not yet pos¬ 
sible to account fully for the fact that deposits form m some 
plants but not in others. Partial answers would include such 
factors, as feed water temperature, $0 3 content, nature of com¬ 
bustion process, and character of fuel. . . - . . f 

Mr. Brown’s statement of an important part of deposit- 
formation process is clear and precise. There is no doubt that 
many chemical and even physical changes take place m the 
deposit itself; the equilibrium condition at any pomt will depend, 
infer alia, on temperature variation resulting from turbulence 
and the insulating effect of further deposit. One effect wdl un¬ 
doubtedly be the migration of aluminium salts controlled by the 

temperatures at which the p^awTaccount fofthe 

effect observ^in the station to which Mr. Brown refers. 

t)r Thompson rightly draws .attention to physical influences 

. •^nosit building and there is little doubt that physical con¬ 
siderations play a part. In a hard bonded deposit, however, it 
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is the chemical reactions which are important.. A deposit with a 
ripple or even a finger-like formation can be produced by air-flow 
conditions, but a hard bonded deposit indicates chemical 
changes. 

We have had difficulty in securing samples of metal tube with 
the deposit adhering undisturbed. Examination of the outer 
surfaces of tubes and the inner surfaces of deposits does, how¬ 
ever, indicate that the process commences with c he mical action 
between the gases and th§ metal. 

We have found no evidence that there is any marked shot¬ 
blasting effect with pulverized-fuel particles, which are smooth 
and round, and impinge on the surfaces with a relatively low 
velocity. 

Swansea. 

Mr. Bruce draws attention to the additional severity of con¬ 
ditions where “teething” troubles occur on new plant. We 
would point out, however, that where cast-iron or cast-iron 
protected economizers are used, the siliceous skin on all sand- 
cast products provides an additional resistance to acid attack. 
The value of this “casting skin” is particularly apparent in new 
plant, and helps to preserve the immunity period during the 
“teething troubles.” ■ 

Mr. Bruce rightly points out that our theories in respect of 
bonded deposits in economizers do not apply to deposits in, for 


example, the high-temperature zones of the superheater. Each 
temperature range has its characteristic deposits; our investiga¬ 
tions have been restricted to the economizer temperature range" 
but we suggest that our method of approach may produce useful 
results when applied to other temperature ranges. 

One fact which has emerged from investigations into the com¬ 
bustion processes of stoker-fired plant is that conditions at the 
dumping end of the grate are important in regard to both SO 
and fly-ash formation. The influence of coal quality is de* 
batable, and much work remains to be done. Some fuels give 
trouble, others do not; some blends are good, others lead to 
deposit formation. 

The deposits on fan impeller blades belong to the “dew-point” 
region (see Fig. 12), in which the bond is probably iron sulphate ' 
and its deliquescent nature explains the ease with which the 
“weathered” deposit could be removed by washing. 

Air-heater deposits belong, as a general rule, to the low- 
temperature, moisture-dewpoint region. The problem here is.to 
maintain the metal at a temperature sufficiently high to prevent 
moisture deposition; various devices are adopted to achieve this 
end. Superheater deposits, on . the other hand, belong to a 
temperature range outside the scope of our present investiga¬ 
tions. Theories based on fused ash and alkali salts may account 
for such deposits; it is not unlikely that internal changes may also' 
play a part. r ' 


DISCUSSION ON 

“INSTRUMENT TRANSFORMERS”* 

NORTH-EASTERN CENTRE, AT NEWCASTLE, I3TH MARCH, 1944 


. Mr. E. Fawssett; I attended the discussion on this paper in 
- London, when much of the argument centred on how the method 
r, reall y y'forks; does the flux in the main core vanish when com¬ 
pensation is perfect, and, if so, could not the iron be removed? 
I believe that such a transformer would prove in practice to be 
a very bad one indeed, and that the iron is necessary. I under- 
r stand there ^ several contradictory explanations of what goes 
on, and I should be grateful if the author could now sift them 
and give a considered answer. ■■ 

We are specially interested in bushing transformers of very 
' f° w ampere-turns, say 50 or less, which would be very bad indeed 
if uncorrected. Would the author indicate the general design for 
a compensated bushing transformer for, say, 30-ampere-turns full 
. load, with an internal diameter of 6 in to operate a meter taking 
^ith leads, 2 VA burden, and to give a straight line accuracy 
down to at least one-tenth full load. From his table f get the 
impression that such a transformer; if possible at all, would have 
-enormous quantity of iron in, it and perhaps be quite un- 

. - ?.* W..WW: I conclude from the paper that the author 

is &nnhar with Brook’s patent taken out in 1920, as the 
methods of compensation appear to me to be very similar, 
apparent difference being that Brook combines, principal 
Sion the desired compen- 


but general Commercial practice has shown very little inclination 
to adopt any of the various schemes developed. It might 
consequently, be asked why these/compensated transformers 
m f„ a general indifference. I agree with the author 
that the most favourable commercial application seems to be to 
the high-voltage bushing transformer, where, owing to the 
primary current being relatively low, the scope for accuracy is 
But even this application also is very limited in 
practice, because of the demand for VA outputs beyond the 
bar , pnraari f 1 think reasons why compensated 
W have not had a more favourable reception 

nM • (1) hey more C0StI y and take up more room; 
w™ w P 4 °Iu ment m magnetic materials and their application 
has eijmbled the requisite accuracies to be met for thegihiat 
nnmmercial requirements, and (3) the VA burdens 
to-day usually take the transformer design into the 
squired accuracies can be attained 
dlffi ? llties - Moreover, the advantages 'of v ' 

'exmple me^ppreciable f Stea^art ° f I ? aterialt ’ f O r 

m material and labour; and, when tite'^toabfe'traMf^^ 
accuracies are related to the permissible limits coAicM 

® ectri f* y m^ 8 ’ ^ will be generally agreed that coffi- > J 

':ZS^5SfS!SS^ v ” d “ tad - 6 r* $ 
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transformers. 'When the h.v. and heavy-current circuits are 
adjacent, it will be worth while to use this method. Since 
the*h.v. circuits are often in another part of the building, there, 
is no advantage in having a combination outfit. 

I should like to ask how the author’s method compares with 
the bridge. I have had experience with this method, using 
capacitance in parallel with resistance to measure the phase 
angle, employing standard transformers as a reference. Each 
standard can be used for several ratios, and two or three will 
cover the range from 22 kV downwards. So far as I can see, the 
author’s method will require a standard of the same nominal 
ratio as the transformer under test. I know of at least twelve 
different ratios in use in this district, and the cost of that number 
of standards, including N.P.L. certificates, would be very great. 

The absolute method of testing with a high-voltage resistor is 
mentioned. When testing a 3-phase transformer with this 
method it will be necessary to earth one phase, if phase-to-phase 
tests are required. Will this overstress the insulation? Will it 
cause any change in the phase angle or danger to supply trans¬ 
formers? I should also point out that the supply transformers 
should have sufficient kVA capacity, so that no unbalance of 
voltage occurs when resistors or standard transformers are put 
across phases. Does any drift occur in the ratio and phase 
angle of a standard resistor or transformer over a long period 
of years?* 

In making tests it is quite usual for the white phase of the 
secondary to be earthed, and in testing red-white and blue-white 
the galvanometer can be near earth potential. Is any trouble 
experienced with a residual galvanometer deflection when testing 
the red-blue phase? 

AVe are indebted to the author for his clear exposition of the 
M. & G. diagram. I have always had a doubt about calculated 
values for different burdens, and still feel that, even with the 
simplified method, if an actual test is possible it is better to make 
it. The watt-hour meter is generally available, and the instru¬ 
ment burden can easily be simulated. The author mentions the 
extremely good agreement between his calculated figures and the 
test results. It may have been so in this particular instance, but 
would such good agreement have been obtained in every case if 
the method had been applied to a dozen different types'of trans¬ 
former? 

In power stations, switchgear is often some distance from 
the operating board, and the resistance of the leads must then 
be taken into account. There may also be a regulator burden 
of 200-300 VA across two of the phases; although it is usually 
on a separate winding, this may slightly affect the accuracy Of 
the oth^t? circuit Under conditions such as these, I think that 
nothing can replace an actual test under working conditions. 

Eggleton: The test results of the compensated trans¬ 
former described are most encouraging. Test figures are given 

I sug- 


bearing in mind that Mumetal cores vary with the tightness with 
which the core is wound? , 

I take it that a transformer having an output of, say, 5 VA 
would be compensated for, say, 2 \VA in order to obtain the 
best results over the range. For thermal reasons, the compensa¬ 
ting burden would probably have to be mounted remote from 
the transformers where more than one set of transformers is 
required, and steps taken to ensure that this burden is not in¬ 
advertently disconnected, otherwise l^rge errors would appear 
in the main secondary winding. 

More often than not, protective transformers are supplied at 
the same time as metering transformers; this automatically pro¬ 
vides the necessary ampere-turns for low-ratio transformers, as 
wound types are usually supplied. The protective transformer 
requires a high saturation value and the normal error is of little 
importance. 

I think that the necessity of bar-type transformers has been 
over-emphasized for h.v. switchgear, for with recent develop¬ 
ments, such as gas-blast and small oil volume, wound-type 
transformers are now supplied up to and including 132 kV.* I 
consider it preferable to supply orthodox transformers, even 
though the transformer is more expensive, since the added com¬ 
plications of the compensated type do not appear to justify file 
advantages gained. ' r V 

Dr. R. Willheim: The author’s ingenious arrangement of a 
compensated current transformer would work in practically the 
same way if the tertiary winding were dropped and the impedance 
Z transferred to the main secondary circuit (Fig. A). The 
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Fig, A.—Hobson’s equivalent circuit. 
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-Wellings and Mayo: British Patent No. 286431, Fig. 5 of 
provisional specification. 
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for a _c°mpe n sa t ed transformer arrangement in Fig. B is; according to the description given by 


geSt that this is unnecessary as no difficulty wm ne expwreu^u May0 essentially the same, even 

t transformer of this type. If its myentors wem«s . . _ . .. _ ^ tramforme 
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K in meeting all B.S. 81 classes with a l 

v difficulty is experienced at all, this will be at 150 ampere-turns . ofthe auxiliary burden, 

and below; even so, if engineers would specify transformers an enlarge on the explanation offered by the 

having low outputs. Instead of transformerswiffioWPuts torn I*h?uld hire tp etna a 
„ excess of the connected burden, much of the difficulty'credd be 
, avoided. Where unite are at some distance from the t rans- .gn 
v formers, it will probably benecessary to i ' ' ”™ 

secondaries with first tenn m < 

y , , 1 have been .responsible for the design of a J v - +-rortcfr» 




such details £ts core sizes, nominal ratios of the two transformers, 
‘ ng of the auxiliary burden. 

. to enlarge on the explanation offered by the 
The expressions 0) and CH) under Figs. A and B 
; across the burden and the auxiliary impedance. 


but have oever found it 
. eoafeensated lame. ’ It-would be 


£»s*8« 


JHg XJXOV WAAA* **«*■ ’ - . _ - ■ ' 

Ounent transformer of half, the-.total core* volume, 
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The second term in (III) shows the effect of the magnetizing 
current of the auxiliary core. Both influences are reduced by 
pre-magnetization. The author prefers pre-magnetization through 
a potential transformer, but the source of pre-magnetization 
should rather be in phase with the current. 

In Section 3, the author suggests special tests to furnish data 
for his second method for calculating errors of three-phase 
voltage transformers. Actually all these data can easily be 
derived from the usual phase-to-neutral tests. For zero burden 
the phase-to-phase errors** can be calculated from the author’s 
formulae (1) and (2) in Section 3.1. The additional errors caused 
by the rated burden across one leg determine Table 8 as follows: 
Line 2 is obtained from line 1 by adding two-thirds of the error 
changes, and lines 3 and 4, respectively, are obtained from line 1 
by adding one-third of the error changes, with the reference 
system turned through plus or minus 60°, respectively. 

This may be seen by replacing the original star transformer 
by an equivalent delta-connected transformer, giving the same 
additional errors on phase-to-phase loads as the original trans¬ 
former on phase-to-neutral loads. In a single-phase test the 
adjacent delta leg evidently takes two-thirds of the current; 
generally, each of the equivalent transformers carries two-thirds 

_ ■ i ' ... .... 


Frequently in practice, a rough estimate only of the probable 
burden on the current transformer can be obtained, mainly 
because of the practice in modem power stations of ins talling 
switchgear up to 200 yd away from the control panels This 
gives the current-transformer designer very little latitude and he 
has to supply uncompensated transformers with acceptable errors 
over a wide range up to the rated burden. 

A further factor which discourages the use of fixed-compensa¬ 
tion current transformers is the practice of some customers 
notably the C.E.B., of insisting on having a certificate of per¬ 
formance at 5 VA as well as the rated burden. If the rated 
burden is high, e.g. 40 VA, fixed-compensation current trans¬ 
formers offer no advantages. 

Mr. W. T. Maccall: The following appears to me to be the 
answer to Mr. Fawssett’s question whether it is necessary to 
have iron in the main transformer. With a perfect compensator 
the main transformer would not need any iron, because the error 
is the product of the two errors. But there is perfect compensa¬ 
tion at one particular load only, and when the load changes, 
however little, the error in the main transformer comes, in, and 
so it must have some iron in it. As the flux density in the main 
transformer under normal conditions is very low, would it be 


~ 7 --Lwu-uiu us ucuiMuiuici unuci nun mu coikuuolis is very low, would it be 

ol its own phase-to-phase load minus one-third of each of the * better to use less iron in the main transformer and more iron 
two Other loads. Mnrftnvftr tlik arniimpnt _r-_ l.xx. . .. . „ .... _ 


two other loads. Moreover, this argument defines three equiva¬ 
lent loads which, incidentally, become identical to the original 
burdens, if the three external load currents form a closed triangle. 
Consequently, the following alternative method suggests itself: 
(1) Find the equivalent load from the two-thirds minus one-third 
combination, and (2) apply the ordinary single-phase transformer 
calculation method, using the phase-to-neutral error changes. 
The result gives immediately the error changes in terms of the 
phase-to-phase voltages. 

Mr. D. Riach: Having regard to possible applications of the 
compensated current transformer in protective gear, I should 
like to ask the author how the compensator affects the current- 
transformer characteristics for over-currents of 5 to 10 times 
normal. 

Mr. W. Gray: Considering compensating transformers as a 
class, the author’s transformer should strictly be known as a 
fixed-compensation transformer. The compensation is fixed for 
one burden, and he has pointed out that the transformer is only 
accurate at the burden at which it is compensated. At any other 
burden the main core has to supply the difference between the 
burden p.d, and e.m.f. in the compensator core. Obviously, 
then, if the burden is made small the main core must supply quite 
a large amount of negative voltage. Thus, from Table 2 in 
Section 1J, the transformer is compensated for a burden of 
25 VA. If the transformer is loaded to only 5 VA, the main 

core must supply the difference, i.e. 20 VA, which will give very 
lot-orxj errors. 


in the compensator for a better overall result? If there is a 
certain amount of iron available, should it be divided f equaliy? 
Or would it be better to put less in the main transformer and more 
in the compensator? In the bushing transformer this is done. 
With the compensator outside the main transformer there is more 
iron in the compensator, for although the sections are equal the 
diameter of the former is greater. 

In Section 5.2 the author states: “Examination of the perfor¬ 
mance curves of Stalloy and Mumetal, plotted on a logarithmic 
basis, gave the following approximate laws for flux densities up 
to about 4000 gauss sinusoidal 50-c/s magnetization .,these 
laws being symbolized by expressions (3) and (4). It seems to* 
me that these expressions can give only average values, because 
at high m,m.f.’s the way the value of B varies with m.m.f. will be 
very different from that at very low m.m.f.’s. At very low values 
B will vary less rapidly than the m.m.f., which is quite different 
from the way it varies at 4 000; and so the rules given can only 
be average values. Although I do not think this invalidates the 
general conclusions, it would be dangerous to use such expres¬ 
sions as giving anything more than rough approximations. If 
the expressions were exact, the best ratio of length to diameter 
for either Stalloy or Mumetal could be calculated, but I doubt 
whether such a calculation is sufficiently accurate to determine 
the best proportion. For the actual design something much 
more accurate is required. Does the author think these expres¬ 
sions can be used for determining the best proportion of length 
to diameter? 


^ THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION ' . » 
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DISCUSSION ON “INSTRUMENT TRANSFORMERS” 


certificates. The errors of standard voltage transformers are 
veif stable, The insulation of a 3-phase voltage transformer 
having an insulated h.v. neutral will not be over-stressed if one 
line is earthed during testing. 

The M. & G. diagram gives accurate results with all normal 
transformers, whether the burdens are large or small, I have 
carried out numerous checks. 

In reply to Mr, Eggleton, the variations in compensa¬ 
ting burden for a number of similar transformers are 
negligible. 1 see no point in mounting the compensating 
burden remote from the transformer, since the watt loss is 
very small. 

Wound-type transformers for 132 kV are extremely bulky and 
expensive, and their complete safety is not yet fully proved. 
Surely bar-type transformers are much to be preferred, if they 
are available. The compensating method outlined in the paper 
offers hardly any complication, 

I am interested in Dr. Wiilheim’s remarks. Table 8 may 


clearly be deduced from phase-neutral results, although I doubt 
whether his suggested method is as simple in practice as the one 
in the paper. 

In reply to Mr. Riach, compensation Would have no great 
effect on the performance at five to ten times the normal current. 
The primary and secondary currents would be proportional to 
each other until both cores became saturated. 

I do not agree with Mr. Gray that jny apparatus is a “fixed- 
compensation" transformer, because the compensation may be 
varied to suit the burden. In fact, our usual practice is to leave 
the compensating winding connected to the terminals, so that 
the user may compensate how he pleases. No great accuracy 
is generally required in computing the burden. 

In reply to Mr. Maccall, the expressions (3) and (4) are fairly 
accurate, and with suitable constants could be used for design 
work. I think they could be used for working out the best ratio 
of length to diameter, although practical conditions would 
usually prevent this ratio from being used. 


DISCUSSION ON 

“THE VENTILATION OF SUBSTATIONS”* 

EAST MIDLAND SUB-CENTRE, AT NOTTINGHAM," 23RD FEBRUARY, 1944 


Mr. W. A. A. Burgess: We, as engineers with an eye to true 
economy, are always inclined to cram a quart into a pint pot, hence 
the compact design of switchgear and all appliances. But in 
due course, we find we have to provide room for maintenance 
purposes to enable plant and equipment to be overhauled at 
short notice, while to meet A.R.P. requirements, heavier buildings 
have to be constructed, resulting in unavoidable internal sweating. 
To heat a building is not enough to remedy this, for I agree that 
heating the air inside the building will raise the moisture-holding 
capacity of the air. I agree with the authors in their advocacy 
of ventilation, and am surprised to hear that the cost is so low. 

Recently 1 learnt some of the difficulties of ventilation and 
moisture deposition encountered on various jobs. In some in¬ 
stances of outdoor switchgear, dry conditions existed for a time; 
then heaters were put in to warm the cabinets and cubicles, and 
mildew was found to form on the brazing. Now the subject of 
air circulation versus heating is being discussed. Apart from 
temperature, mildew can also form on the covering of v.i.r. 
cable. Also in air-blast switchgear and switchgear operated by 
air pressure, careful attention has to be given to the humidity 
question;' Normally, the air is compressed to half or a third of 
its volume, and half the moisture is removed by cooling. Dryers 
will reduce the moisture to 10% if the temperature is con¬ 
trolled. 

MER.G. Payne: Many years ago some heaters were installed 
in a laundry drying room to secure a certain output of laundered 
articles for a given heat, but the results were disappointing. 
Extractor fans were then installed in different parts of the room, 
and4he output of the laundered article was increased by 60 4 . 
This seems to bear out the statements made by the authors^ .■ 

On one of the curves I noticed that the dew-point, rose>above 
. the heat of tire plant. If this does not vary with the outside 
atmosphere, thft curve cannot be accepted as exact and constant. 

Mr.*D. Kingsbury: I do not understand the authors approach 
to the questio? ofexplosive mixtures. If something.is abouttd 
•M on the switchgear, I do not think any system of ventilation 

, . * Paper by F, Favsu. «nd E. W. CONHOM (see 1943,99, Partll. p- *>'*'-• 




could cope with an increase in the volume of dangerous gases. 
The oil vapour which escapes from switchgear can surely be 
expelled to the open air. I have noticed that some transformers 
for outdoor service have given trouble after blast walls were built 
round them, for A.R.P. reasons, as they cut off a certain amount 
of natural ventilation. 

Mr. A. Brookes : The problem the authors have discussed and 
tackled is common to any electrical equipment of a similar type. 
Some of the troubles outlined have been experienced in telephone 
exchanges, although most new buildings are specially ^designed ' 
against sweating. In one exchange a cable with 23-gauge wire 
was found to have corroded right through; some impurity in the 
cable itself coupled with moisture deposition promoting corro¬ 
sion. With pure materials, po such trouble is met. The method ^ 
of temperature control in some of these exchanges does not seem 
right and it is very difficult to get reliable humidity control. 
Many of the authors’ results can be applied to these buildings. 

Mr. J. H. Davis: What type of trouble was found by the 
authors in cables in this substation, and what type of cpble was 
affected? In investigating the effects of humidity- in rural 
telephone exchanges in which heating is by tubular heaters 
switched on at 70% humidity by a humidistat, I have found 
slight trouble in cables, but these were lead-wrapped or braided 
cables, not steel-armoured. Separate cotton-lapped wires have 
been more affected. 

With regard to Fig. 8 .showing the number of days per year 
on which humidity reaches a given figure, it is not clear what 
factors have been taken into consideration in producing fins 
curve. It will probably mean little, because judging from the 
power consumption at some exchanges in which heating is. con¬ 
trolled purely by humidity, variations between corresponding 
quarters are extreme. I should like further information as to 
A . the basis on which the curve was^drawa. usdafiyi 

precedes'Tfire^* Haveauthors had any experience’ of the 

"^rom^he d^n of the substation shown, it appears that the 
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DISCUSSION ON “THE VENTILATION OF SUBSTATIONS” 


windows would form a kind of chimney. It is important to 
stress the need for dryness and especially for a careful survey of 
the ground before putting up a substation. The flood level or 
standing-water level r must be determined and the foundations 
designed accordingly: sometimes these latter cost more than the 
actual building. 

Are any specialprecautions takenin connection with the concrete 
roof? Is this simply placed on t0 P and any system of ventilation 
immediately underneath it? A fair amount of ventilation just 
beneath the roof is necessary. Where Bakelite insulation is used, 
it is most important to keep the air fairly dry, because of surface 
leakage. On one particular job the moisture penetrated the 
paper lamipa and caused blistering. ^ 

I have been connected with the construction of buildings of a 
size comparable to that described, to house a rotary plant causing 
a fair amount of air movement; both switchgear and plant have 
remained in a very healthy condition. Trouble from dampness 
was cured by increasing the natural ventilation and obtaining 
correct control of the dielectric stress on open-type current 
transformers. Irealizethatmovementof air assists in drying, but 
I do not believe in the excessive influx of air from the outside. 
Every substation has to be considered on its own merits. Where 
some coal gas is present, the less air entering the better. 

I confirm the authors’ experience regarding the installation 
of heaters in pedestals. Pedestals usually have screens on the 
front and are airtight; unless a system as described is adopted, 
trouble will be met. 

Regarding acid and oil troubles, my experience is that move¬ 
ment of air helps to slow down the rate of acidity increase and 
practically no trouble will be met if air is kept from contact with 
the oil. / 

Mr. F. R. Gilks: Acidity troubles appear to be just as bad 
with outdoor transformers as with indoor ones, and the heating 
of the transformer seems to have very little effect on these diffi- 
.culties. Would the authors enlarge on this point? 

Mr. A. Latham: I remain unconverted regarding transformers 
outside substations. I recall instances where transformers have 
had to be taken out of substations on account of additional 

* gear being installed, and trouble has afterwards been ex- 
periencea due to mildew and general dampness, necessitating 

* the installation of some form of heating. I assume the im¬ 
peller mounted in the substation door draws air from the 
outside; under recent weather conditions this does not appear 

* to be very desirable. 7 ;. :•/ •;> 

Mr. W. F. Perkins: Are the consumption figures in Section 6.1 
actual records or do they represent estimated figures? There 


are several substations in Nottingham with thermostatically- 
controlled tubular heaters with an annual consumption*? of 
approximately 10 000 units, which seems out of proportion to the 
units indicated in the paper. c 

Mr. R. A. Nurse: Several references have been made to mildew 
on braided cable. Would the authors say where this cable is 
used in the h.v. substation and whether p.v.c. cable would avoid 
this trouble? 

Mr. A. Pittman: I was interested in the references to telephone 
exchanges; although connected at various times with the in¬ 
stallation of ventilation plant I cannot recall any instance where 
heat was introduced. The main considerations were always air 
movement and cleanliness. On what basis was the air volume of , 
2 000 ft 3 chosen? I understand that there are two fan sets in 
the building, one for circulation and one for injection of air. In 
all probability, the recirculating-fan equipment could be arranged 
with a permanent fresh-air inlet, thereby reducing the two workifig 
parts to one as well as facilitating such maintenance and ih- 
spection as is necessary. Is the heater fitted with enclqsed-type 
or open-type elements? If the latter, what are the risks of fire? 
Have any interlocking devices been included in the switchgear,' 
to safeguard against failure of the heater in the event of the fan 
failing? * 

Mr. F. Findley: In bringing air into the station, is^jt passed 
through a filter to prevent the ingress of dirt? 

Mr. M, Wadeson: As most speakers have recognized* the 
authors approached this problem from the angle of scientific 
research, and to my mind they have reached very definite con¬ 
clusions. They point out that the first essential for preventing 
moisture deposition is circulation of air and that heating is only 
a subsidiary means for dealing with those abnormal and infre¬ 
quent atmospheric conditions which, in the absence of heating, 
would tend to cause deposition. Whether this is done by fans 
or heaters, appears to be a question rather of the size of the sub¬ 
station. I think that, in future, many supply authorities will 
find that with the large increases anticipated post-war, larger 
substations will be necessary, hence these problems will arise for < 
more undertakings than at present. 

/It will be realized that the application of a certain amount of 
heat increases the growth of mildew. 

With regard to explosive gases, there are several instances re* 
corded in recent Electrical Factory Inspectors’ reports which 
prove conclusively that explosions have taken place in sub¬ 
stations which have not damaged individual gear but have blown 
the substations to pieces, resulting in fatal accidents due to the 
collapse of the walk . ' 




THE AUTHORS’ REPLY JO THE ABOVE DISCUSSION 


> Messrs. F. Favell and E. W. Connon (in reply): Mr. Burgess 
mentions the compression method used for drying the air for 
air-blast circuit-breakers. The capital cost of this method ap¬ 
pears to rule it out-for ordinary building ventilation, but it might 
be applied, for instance, to the mechanism and terminal boxes 
associated with outdoor air-blast circuit-breakers. 


days on 

was obtained from measurements taken under the conditions y'Kjf 
described in Section 5.3, the humidistat being set to 90% relative : % 
humidity. We would refer Mr. Gilks to references 14 and 15 Of ^ J|| 
the paper and Mr. Perkins to the footnotes to Table 6.1. , 

As Mr, Nurse suggests, p.v.c. cable could be used in place; of : C 


Mr. Payne presumably refers to Fig. ; 4, which is a calcu- braided v.i.r, for control wiring, and would be less susceptibks to,; V J 

luffed curve to show' the effect, inside a building, of changes mildew. ‘ „ T{ 


outsjde. / . In reply to Messrs. Pittman and Findley, the m circulation 

As Mr. Kingsbury points out, ventilation cannot cope with quantity was chosen to give a sufficient air speed through tf& 
the explosive failure of switchgear. Cases have arisen, however, ~ important parts of the gear. We agree tot the two fans* < ^ 


as mentioned by Mr. Wadeson, ; where building have collapsedy' vhave been combined: the arran gement descri bed was adovid 
ydt^outserious switchgear failure; this is probably due,to a experimental,purposes.‘ Theater has eaclosed elements- 
gradual accumulation of explosive eases, possibly from ineioierit is wovidi^wirtr * 
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DISCUSSION ON 

“STANDARDS OF PERFORMANCE OF GENERATING PLANT, 
BASED ON FIVE YEARS’ OPERATING DATA”* , 

SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 1ST MAY, 1944 


Mr. W. S. Burge: A study of the paper illustrates the many 
difficulties arising in any attempt to generalize on the performance 
of generating stations. I would like to touch briefly on two 
aspects of this subject. 

First, it must be realized that very few generating stations have 
any degree of uniformity in the make-up of their total capacity, 
frwqiiw the diversities between the several generating units in any 
particular station are generally greater than the diversities between 
stations;’for instance, in the Central England district only two 
out of 22 generating stations have any degree of uniformity among 
the generating units internal to the station. In all the rest, the 
. individual generating units vary over the widest possible range 
in respect of age, design features, maintenance costs, and, to a 
lesser extent, in respect of steam conditions. To draw de¬ 
pendable conclusions from these conditions, each separate 
generating unit must be treated as a separate generating station, 
but unfortunately our present method of costing analyses does 
not permit this. 

Under present conditions with the component generating units 
of any station coupled together, it would be difficult to make 
separate cost analyses for each of the components, and the 
authors have done the best they could with the present method 
of analysis.' But with Grid operation and an ever-widening 
difference between the total interconnected capacity of the country 
and the capacity of the individual generating units, there is now 
little need to interconnect the individual units, except on the 
electrical side. The reason for this is that the inertia of the 
national system is now so great that the sudden loss of even the 
largest generating unit cannot affect the frequency of the system, 
and so plant extensions of the future may take the form of 
individual generating units that are completely isolated except 
on the electrical side; this will greatly facilitate a better analysis 
and understanding of operating performance. 

The second difficulty illustrated in the paper relates to our 
practice of expressing the thermal efficiency of power stations 
without «tny background analysis. I do not criticize our present 
practice of expressing the overall monthly or annual efficiencies 
of power stations, but to make these values intelligible it is also 
necessary to give in a particular form the efficiency analysis oi 
each generating unit. The thermal efficiency of all generating 
units can be arrived at by the multiplication of three compo¬ 
nents: two constants and one variable. The constants are the 
‘ steam-cycle efficiency and the maximum plant-item efficiencies, 
and the variable is the operating efficiency. Of these three com¬ 
ponents, the first is governed by physical laws, the second by 
the designers of the plant items ; concernfed, and the thro .bKvtw 
loading on plant and the sldU of the 
overall efficiency of 25-7%* coifld . be 
s/4£'7'x 0-64 x O-H but 
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Operating engineers have long been dissatisfied with' thermal 
efficiency as a basis for comparing power-station performance, 
and, although several alternatives have been suggested, none has 
seemed to merit universal adoption. 

Whatever method is used to determine the overall performance 
of power stations, it is essential that each station should adopt 
standard formulae and standard methods of test to arrive at the 
results required. It is generally agreed that the most difficult item 
to determine with accuracy is the heat input to the plant, and 
unless standard methods are used in sampling and testing fuel 
very considerable errors may be introduced. The methods of 
measuring heat input should be reduced to a common basis, 
and it would be interesting to know whether this was done in 
the group of stations referred to in the paper. 

Most engineers will welcome the authors’ suggestion that 
“operating efficiency” should be brought into station records, 
but many will disagree with the authors’ method of assessing this 
i tem The method set out in Section 7.7 of obtaining the 
efficiency ratio and hence the maximum probable efficiency is 
unsatisfactory in that it may result in “operating efficiency” being 
debited with losses which should properly be termed design losses. 

There are many instances of power stations in which insuffi¬ 
cient pressure drop between boiler blow qf pressure and turbine 
stop-valve pressure has been allowed for, and where turbines v 
have been designed for a vacuum which is unattainable owing to 
prevailing circulating-water temperatures, or where unsuitable 
materials have limited the steam temperature to a figure below 
that for which the turbines were designed. It is obvious that - 
where such limitations exist they should not affect operating ^ 
efficiency, and I therefore suggest that instead of maximum 
probable efficiency, as determined in the paper, the authors should 
consider the advisability of using a factor which might be termed 
“operating cycle efficiency” and which would be based on attain- » 
able stop-valve steam conditions and circulating-water inlet 
temperature, or alternatively a figure arrived at by test. 

Some years ago Mr. C. W. Priest suggested a sifmlar factor 
ahd pointed out. that thereto of the “ideal cycle efficiency” to 
the “operating cycle efficiency” might be accepted as a design 

efficiency ratio.” . ... 

Mr. D. P. Sayers: We cannot challenge the main conclusions 
set out in the paper, and I endorse particularly the suggestion 
that the systematic recording and open discussion , of failures 
would benefit the whole industry. Station engineers generally- 
have been reluctant to talk about failures in the past, and. it 
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DISCUSSION ON “STANDARDS OF PERFORMANCE OF GENERATING 


availability, future designs ought to provide increased boiler 
capacity so as to produce matched results when the availabilities 
are taken into account. I should like further information on 

this point. ' . . _... 

The formula in Section 7.8 for calculating availability seems 
rather badly expressed, and is not mathematically correct. Would 
it not be better stated as the average availability arrived at by 
integrating the daily valu$ of {C a . m . + Cp #m .)/2C Z - over 365 days. 

Also, the authors make no allowance for the reduction in load 
at week-ends, when there is always a substantial reduction of 
load and advantage is taken to do minor maintenance work. I 
think the authors’ formula gives a rather pessimistic result and 
in most cases it would be fairer to ignore Saturday afternoon 
and Sunday, when the week would include 10 periods only and 
the denominator for the weekly period would become 10Q, 

instead of 14Cj. ... . , - , 

Mr. J. D. Findlay: New plant installed during the period under 
review was 225 MW, approximately 40% of the total installed in 
1938 but the average availability was only increased by 
113-3 MW, i.e. approximately 26-7% of the 1938 capacity. In 
other words, die equivalent of half the new capacity was out of 
commission during 1942. 

The authors give the ash content of fuel in 1942 as 16-6%. In 
the Midlands, it is about 20%, and some samples analyse as high 
as 40%; in some cases the output of high-efficiency plant has 
had to be restricted so that ash accumulations could be dealt 
with at off-peak periods to allow full capacity to be available 
for the peak-load next day. This may go'on for several months. 

I agree with the authors’ figure of 10-15% loss of capacity 
due to uns uitable fuel, but this applies to all the stations. The loss 
at a particular station can be much greater and as high, as 25% 
over long periods. Any one fuel or mixture of fuels has optimum 
conditions for most economic use, but when fuels are varying as 
they do now the boiler house cannot keep pace with the fuel 
. changes; even structural alterations which the authors mention, 
however costly, cannot cope with continually changing fuels. 

* The breakdown analysis in Table 2 shows that the ratio of 
megawatt loss of capacity due to breakdown between minimum 
- and maximum was 1:10 and that the maximum loss of capacity 
due to breakdown was 21-5% of the 1942 installed capacity. 
Condenser fouling is given as a breakdown, but I should rather 
consider this as a normal maintenance outage and comparable 
to boiler fouling which does not appear in the table. 
r In Section 7.8, the formula given for calculating the per¬ 
centage availability excludes die night shift and lunch-hour 
periods, as well as the week-end period , from midday Saturday 
to Monday morning. As an operating engineer, I find it is more 
difficult to obtain the necessary plant capacity for load during 
this period lhan during the week; in fact it is often necessary 
to take major plant items out of service from Friday evening to 
carry out the necessary maintenance or repair in time for load 
on the following Monday. If this were not done serious break¬ 
downs might result at mid-week. 

The authors consider base-load stations to have the advantage 
of more modem plant thus giving high availability, but this'is 
Counteracted to some extent by the fact that one item of plant 
in a modem base-lqad station may represent 50 % of the installed , 
capacity. Furthermore, these units have much larger capacities 
than in the older stations, consequently maintenance requires 
longer outages. My experience is that boiler overhauls require 
some six to eight weeks and sometimes longer with older boilers.' 
This means that a station with eight or more boilers and only 
sufficient boilers for the turbines must have boiler plant out for 
survey during the winter-peak period or so arrange the work that 
two or more boilers are out for survey tqgether during the 
summer period. To obviate capacity loss due to such summer 


outages, base-load stations must be over-boilered. Perhaps the 
stations with which the authors are concerned are not affetted 
by shortage of maintenance labour. _ 

In these days of continuous group operation, we have lh effect 
one generating station with plant units spread throughout the 
country, the C.E.B. lines acting as busbars. The object of this 
arrangement is to generate electric current as cheaply as possible. 

I feel that the best comparison which can be made is one on a 
cost-per- unit basis. Whilst, say, station A has a high engineering 
efficiency, the purchase price of coal may be high, resulting in 
high cost per unit. Station B may have a lower engineering 
efficiency, but the purchase price of coal may be considerably 
lower than that of A. I suggest that station B should be the . 
base-load station. I agree that engineering efficiency should be 
as high as possible, but account should be taken of what might 
be termed “site charges.” High efficiency cannot be gamed 
without high capital charges, and it may be that the benefit of 
high engineering efficiency is outweighed by the cost of attainihg 

it. We must not lose sight of the fact that the ultimate r finandal 

results are those which show the real effect of our efforts. 

Mr. H. S. Prosser: The conception of “operating efficiency” 
was mentioned in Mr. Lawton’s papa:* on Hams Hall “A” 
Station, read before The Institution in 1939. The curve in his - 
Fig. 17 showed that this efficiency fell from about 91-$% when 
the station first started to 94-3% some years later when the in¬ 
stallation was complete. This downward trend of operating 
efficiency as stations are extended seems to be general, and it 
would be interesting to know, with reference to Fig. 7 in the 
present paper showing operating efficiencies for a number of 
stations for 1942, whether in stations which had been extended ^ 
the average operating efficiency for 1942 was less than for 

previous years. - x 

I am very pleased to note the importance which the authors 
attach to running plant load factor. In an attempt to over¬ 
simplify the estimation of station efficiencies, the Parsons line 
has been too frequently pressed into service for a purpose for 
which it was never intended. It can be shown that 
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where y is B.Th.U. of coal consumed; x the kWh sent out; 
jc x the no-load loss of the turbine, i.e. B.Th.U.’s required from 
coal to keep set turning at no load; k 2 the boiler banking losses, 
etc.; C %he set capacity in kW; m a constant, and L the fractional 
running plant load factor of set. 

It is evident that the B.Th.U.’s required for a given output are 
inversely proportional to the running plant load factor, so that 
plotting y against x we get a set of curves for the various running 
plant load factors as shown in Fig. A. There is nearly 5% dif¬ 
ference in heat consumption between the maximum output at 
60% running plant load factor and the same output at 100% 
factor, so that it is evident that any attempt to analyse or predict 
station efficiencies must take these factors into account, and any 
attempt to approximate by using the Parsons line where a range 
of load factors is involved will inevitably lead to discrepancies 
and misleading results. 

Mr. C. H. Bottrell: The current need for fuel economy has 
directed attention to the thermal efficiency of generating plant, 
and if this paper will further stimulate the already live interest 
in the subject it will have served a very useful purpose. 

The pre-war relation between fuel costs and capital costs is not 
likely to return after the war, and it is fairly certain that attention 
will be focused on the improvement of thermal efficiency even 
more so than is possible now. 

Although outside the scope of the paper, it is as well to mention 


that the national economy will gain more with accurate group¬ 
loading allocation, or even national loading allocation, than is 
possible with independent station operation. It may sound 
paradoxical, but it is possible to reduce the thermal efficiency of 
every station in a group and yet improve the efficiency of 
the group as a whole. This would result, of course, on opera¬ 
ting base-load plant above its most economic loading and 
so reducing the loading on the peak-load plant to its further 
detriment. * 

Table 1 is of particular interest in indicating the trend of 
design. The calculation of availability for over-boilered or over- 
turbined stations on the basis of the higher kilowatt capacity >. 
mentioned towards the end of Section 7.8 gives rise to the possi¬ 
bility of unfairness with the over-turbined station, since it is 
generally recognized that boiler outages predominate over main 
generator outages. 

The conclusions in Section 10 are very interesting, but in the 
first conclusion (a) it seems rather drastic that pre-1930 plant 
should not be operated at above 45 % average running plant load 
factor, as usually this type of plant is relegated for peak-load 
use, and it is generally expected to give loadings much higher 
than 45% of maximum during the running hours. 

[The authors’ reply to the above discussion will be found on 
page 576.] 


WESTERN CENTRE, AT BRISTOL, 14TH MAY, AND AT CARDIFF, 15TH MAY, 1944 


Mr. S. Hartland: The authors suggest that the months of April 
afld October had better be watched, thus implying either that a 
movement of the peak was taking place or that it was “levelling” 
well beyond the four winter months. Would they clarify this 
statement? How is this related to the present tariff structure, 
whereby demand charges are .made only on the demands 
registered in the four months January, February, November and 
December? 

Mr. D. P. Farrant: The scope of the paper is so wide that it 
should provide material for thought for a long time. I particu¬ 
larly appreciate the authors’ effort to assess the responsibility 
of the various departments for the various types of failure. This 
is always a vexed question in central stations. 

With regard to the target efficiency scheme, while I appre¬ 
ciate that, for a start, the simplest scheme is the best, I feel that 
. there are many unavoidable factors which are not allowed for. 
These factors may lead to erroneous comparisons, and it is to 
be hoped that, as experience is gained in operating the scheme, 
more aftd more of these factors will be taken into consideration. 

Mr. R. H. Bent: The calculation of operating efficiency fills a 
need that has been acutely felt by all station engineers for years 
past. It is a yard-stick whereby not only can the performance 
o£one> own station be watphed, but useful comparisons can be 
made with other stations. 

The new method does hot,*• however, appear to be perfect. 


consideration, is this not a difficult matter to deal with, as 
some plants wear much more rapidly than others? Thus a well- 
kept plant, which has withstood the buffetings of the war years, 
would probably obtain an allowance which would make its 
results fantastically high. 

Mr. B. S. Gylee : The work involved in the routine calculation 
for operating efficiency is very simple. In the station I repre¬ 
sent, we have instituted the calculation as a weekly routine, 
as we find it to be of considerable encouragement to the efficient 
running of the plant. I suggest that a more equitable assessment 
of the banking allowance would be made by adjusting the basic 
allowance in the ratio of the calorific value of the fuel to that on " 
which the basic allowance was calculated. 

Mr. H. V. Pugh: I am sure that all the power-station engineers 
connected with the stations from which these data were compiled 
agree that the authors have made a very useful contribution 
to the study of the efficient operation of power-generating plant.^ 
A considerable measure of success had already; been achie^ct 
and the future will show much greater improvement. 

It is possible to criticize the standard for operating efficiency 
based on the overall efficiency ratio curve in Fig. 6. I had hoped 
it would be possible to get another basis which would bear some 
relation to thetype of plant in any particular station. ^ 
method outlined in the paper is a fair basis of compariison for a;ll 
classes of power stations, I feel that the smaller stations, even 


There seems to be some elasticity in the yard-stick, and no doubt though operating on a single- or a ^o-cycle shift, are favoured 
further allowances and adjustments will have to be introduced by certain minor aspects.ofthemethodw 
according to experience. At the plant with which I am con- Mr. T. R. Evans: What wo ^ d t he authors consider 
nected, the best operating efficiencies are obtained with half the experience the most economical sip of generating station to 
plant out of commission, thus requiring a heavy load-factor cor- erect, water, coal supplies and position bemg^equal? 


rection. Tiffus it appears there is some incentive to take plant 
out of service in order to get a better figure, but the introduction 
of a plant availability factor will no doubt correct this. 

; Ip due course we shall have a spare boiler. How would plant 
availability tlftn be calculated? For, should one particular boiler 
develop a defect, the spare one will be brought in and station 
output will remain unaffected. ( 

^ Regarding an age-of-plant allowance, which; was taken into 


I wonder whether the authors are aware of the interim report 


to the Ministry of Fuel and Power, dealing with the national load 
factor of electricity supplies, which states that before the war our 


factor being only about 34%, and that if collieries produced coal 
for nothing and railways carried it free the total reduction in the 
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be obtained at this very moment by increasing our national load 
factor from 34% to 40%. 

Mr. J. Vaughan-Harries: Are we correct in assuming that the 
data collected by the authors cover generating stations burning 
different fuels, namely anthracite coal, dry steam coal, a mixture 

THE AUTHORS’ REPLY TO 

Messrs. R. W. Biles andfi. W. JMaxfield (in reply): It is hoped 
that Mr. Burge’s recommendations will be adopted when normal 
times return; to do so now during war time would unduly in¬ 
crease the work of station staffs. Our proposals are based upon 
technical performance rather than costs, which vary considerably 
for a number of other reasons and therefore complicate com¬ 
parisons. 

In reply to Mr. Berridge, the stations under survey did not use 
a uniform method of sampling, but the testing was as uniform 
as present-day laboratory conditions permit. The fixing of an 
overall efficiency ratio by age was decided on for simplicity. An 
alternative based upon heat rates and losses may be better, and 
so'long as the method is uniform for all stations, no objection 
is raised. The suggestion regarding Mr. Priest’s factor would 
be taken care of by adopting Mr. Burge’s proposal. 

We are in accord with Mn Sayers and would welcome separate 
records of turbine and boiler availability. Our method urges 
investigation when availability is low, and helps to ascertain what 
extra boiler margin is required. We have found the availability 
formula satisfactory, as it takes account of minor restrictions and 
restricted running. . 'j/ 

We agree with Mr. Findlay that fluctuations in the quality and 
grading of fuels make the highest efficiency impossible, even on 
the best equipment. Condenser fouling is treated as a break¬ 
down only when the outage was precipitated without notice. 
Both condenser fouling and boiler fouling are reflected in the 
availability result. The availability formula does include the 
week-end, for the reason Mr. Findlay gives. Load dispatching 
is done in accordance with production cost, quite distinct from 
operating efficiency. 

Mr. Prosser’s formula is quite in accord with Fig. 5 when it is 
remembered that his k 2 is deducted in the process. Operating 
‘ efficiencies have not generally fallen when extending stations, 
except in the &st few weeks of commissioning new plant. ; 

In reply to Mr. Bottrell, overall economics will determine the 
output from the older plant. Full availability of such plant 


of anthracite and dry steam coal, and other fuel? If so, would 
the authors state what would be the percentage of units use^ at 
the station to the number of units generated? It would be very 
useful if the character and size of each station could betgiven, 
together with the information asked for, in the form of a table. 

THE ABOVE DISCUSSIONS 

should be ensured during the highest winter peaks. This 
demands a rather easy loading in the remainder of the year. 
Conclusion (a) in Section 10 is supported by Fig. 8. 

In reply to Mr. Hartland, we know of no appreciable change 
in the shape of the annual load curve. The availability of plant 
tends to fall away in April because of the need of overhauls, and 
in October because overhauls have not been completed on 
programme. 

‘In accordance with Mr. Farrant, we have tried to evolve a 
system giving the minimum work to station staffs. A higher 
accuracy is obtainable by expanding the system showing more 
internal detail (irrespective of station comparisons), which we 
hope will be developed in due course. 

The plant Mr. Bent refers to has probably a false low-target 
efficiency at present when one of its two boilers is off, and may 
be due to the method, presuming that each turbine is backed by 
two boilers. It may be necessary to adjust for this condition in 
some cases, by using l.f. correction curves for turbines and 
boilers separately. Regarding availability, the system proposed 
urges an inquiry by the method of comparison. If the cause of 
a consistently low figure is found to be beyond the control of 
the operators, suitable action can be taken. We are inclined to 
base availability on effective station capacity. 

We agree with Mr. Gylee that the banking allowance' should 
be adjusted in the ratio of calorific value; such steps are being 
introduced. 

In reply to Mr. Evans, we consider there may be no limit to 
the economic size of a generating station except that of ade¬ 
quately loading it, providing water, coal supplies and position 
are equal. During the past few years station capacities have 
been limited to 150 MW according to their position. 

In reply to Mr. Vaughan-Harries, the records include data for 
all kinds of fuel, with South Wales fuels predominating. Con¬ 
sumption for auxiliaries is 3 to 4% in the older plant, 6 to 8% 
on the 400 to 650 lb/in 2 plant and 1- 5 to 10 % in modern stations 
using pulverized fuel, varying with load factor of main plant. 











DISCUSSION ON 


‘‘MAINTENANCE OF DISTRIBUTION PLANT AND MAINS ON A.C. NETWORKS”* 
NORTHERN IRELAND SUB-CENTRE, AT BELFAST, 11TH JANUARY,*1944 


Mr. T. D. Oswald: The recent report on electrical accidents I was interested in Je Actons- 

in factories describing an accident on a power-station busbar follow the details. Would the authors state whether tr 
emphasizes that the rigid enforcement of a comprehensive routine former tank itself is the hermetica ^ea e+ionsfr<om the cable 
' Stem of safety predations is essential for the safe operation the surrounding tank conteinmg toe■. 
of hiSi-voltage equipment. The “permit-to-work card” system boxes to the transformer tank is^oJ-AWJ* “fj 

advocated by the authors has been operated satisfactorily by maintenanc e »»n g in«».r 

undertakings with which I have been associated. Experience iswelllbalanced[throughout!thepaper,asthemrnnten 

indicates that the foUowing should be made an integral part of has not only to consistent with com 

the system: (a) proving of allegedly dead apparatus by a neon but Jo ^rat is ^^“JS^SS^SShance 
indicator in the case of bare metal, or spiking in. the case of tinrnty of supply. It SJwffl training 

cables; (b) locking-off of apparatus by distinctive locks, the sole is a specialized class of work, an 

available keys of which are accessible only to the person en- of the woricmen. p fyterine plant- fl) a 

. gaged on the work; (c) the clear indication of m j^s ^ in compression, and, 

adjacent equipment which may be in operation, by the use of P , Fnrli disadvantages particularly 

•TWr-noL,. and » (he reW m of fc «d, by .he 2) ^ 

p«»,n engaged on fte wo*, certifying da. men have been g.™* ^^^SlSd be helpful 
withdrawn, before making alive is permitted. _ WP? .« fr transformers on load can be a very un- 

The hermetically-sealed transformer installed in an under- _ P . On one occasion I had to get a large number of 
ground chamber, entirely without ventilation, is interesting, pie 1 ^ . _ transformers. A length of hose pipe was 

Experience during the war has shown that existing indoor trans- samples trans former , and a syphoning 

fomers with Grade “A”oil are prone to increase in acid content ^ J^dtv St of a b£mSi reversedfootball 
in normally-designed substation buildings, in which ventilation action start y oU y san ^ le from the bottom of the 

has been restricted by the blackout. The replacement of tlte oil Y_ ’ g Th smell and colour of the oil, the presence of 

by Grade “B” has made an improvement^in these cases. Even eTand die breakdown voltage, should be 

Grade “B” oil might tend to become acid if kept at high tern P ..’ rt ^ addition to the degree of. 

peratures for long periods. Further information regarding the stated on the oil-test report, 

design of the transformers used in underground unventdated acjty, f m being replaced it should be given a 

substations, the loading cycle, and the temperatures of trans- Overhaul, which should include the fol- 

former oU and ambient air would be of value. S^ L m iiftma the transformer core out of the tank; • 

Mr. J. E. McV. Calwell: I agree that the maintenance staff lowing. W JJf, f ^ coils by means of the coil- \ 

should, wherever possible, carry out the installation of new O ^ holts- (3) ti ghtening up every nut and bolt On the trans- 
equipment. This staff should also be thoroughly reliable and Jfd ^Ss?(4) filtering the oil into clean drums; 

conscientious. If not, what appeared to be a record giv g removing foreign bodies from the tank; (6) cleaning down 

satisfactory picture of the health of plant installed might be qui Q transfor ^ er aM ^ w ith oil; and (7) examining the * 

^Mariy years ago the company with which I 

adopted Grade “B” oil m transformers “ to last poLt, it is possible for ah open circuit to exist 

on the score of economy, as it was considered that Grado^ ■ g nhaa. of the high-voltage delta-connected winding and 
Swas satisfactory enough. It is 

experience has shown Grade B to be the more s ry network. Normal overload and earth-leakage protection 

oi^ from the acidity point of view. . not onerate on a fault of this character, and very puzzling 

Electricity Supply Regulations to be carried out before such authors’ reply to this discussion will be found on 

plant is brought into service. mce 583 1 

X Paper by 1*. N. Beaumont and F. A. Geary (see 1944,91, Part II, p. 108). ■ 

||p ; ■ ' V., SCOTTISH CENTRE, AT GLASGOW, 8TH FEBRUARY, 1944 _ eanddesin _ and 

•? .Mr! J. Henderson: It is a great pleasure to listen to a paper Twoldnds°jecorfs should JJ^teS'Sied^S'^eSn 

.• v advocating th§ keeping of gqod and complete records.. The jp should be provided by. the manufacturers, and in this I. 

‘ ^u^tfen: isWhether one should. Jep always befft 9»at advocate of stoiardizgo^^ho 

‘•‘Shed aSKdl greatly to the cost of maintenance. • jch .^anufactorer has a. ‘ , j 
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DISCUSSION ON “MAINTENANCE OF DISTRIBUTION PLANT AND MAINS ON A.C. NETWORKS” * 


and I think these should be standardized so that in every case the 
same items will appear in the same place. 

A significant omission from the paper is metering, perhaps 
because it has been standardized. Yet it is standard practice to 
provide test certificates for meters and current- and voltage- 
transformers, and I cannot see why the same scheme should not 
be applied to power transformers, relays and even cables. 

A great deal could be done in the elimination of records if 
standardized wiring schemes were adopted. If colours for wire 
and fuses were standardized, every panel would be its own blue¬ 
print; this would save a great many paper records. 

Safety precautions are in many cases not as effective as they 
might be. The adoption of “permit-to-work” cards is essential. 
Many accidents are caused by the short-circuiting of the safety 
precautions which have been laid down. The authors recom¬ 
mend that conductors which have been alive, for work or for 
any other purpose, should be earthed through a circuit-breaker, 
but as the latter may not be making contact, the conductors may 
not be earthed at all. Wherever possible, live-conductor de¬ 
tectors should be used and when conductors are found to be 
dead the earthing connection should be applied directly. I think 
that the use of these detectors will ultimately be compulsory, but 
before this can be done a considerable improvement and altera¬ 
tion in the design of switchgear—particularly metal-clad switch- 
gear—is necessary to enable such detectors to be used with safety. 

Mr. A. F. Stevenson: I suggest that the armouring of cables 
should be bonded to the lead sheathing. I have known pitting 
of the lead due to arcing from the armour during a heavy fault. 
The authors are to be congratulated on having so little trouble 
with their h.v. cables. Have they stressed them periodically with 
h.v, direct current as is the practice in some systems? I am 
surprised to see in one of the diagrams a reference to a 0 • 4 four- 
core l.v, cable. This is a most undesirable form of distributor, 
which is not included in their standardization scheme. 

Mr. W. Easton: The paper deals with maintenance problems 
•on a large city network of ample capacity and carrying a con¬ 
siderable reserve of plant. X routine maintenance programme 
drawn up to meet such circumstances differs considerably from 
that required for a smaller undertaking with a low load density 
where much of the plant cannot be taken off load, except over¬ 
night or at week ends. Maintenance arrangements for such 
undertakings must be very flexible, and must be governed by the 
availability of both plant and staff. 

^ Surely, progress in the design of equipment will steadily 


diminish the need for maintenance as weaknesses are found and 
remedied. Some purely static plant, such as transformers^and 
switchgear, subjected to little wear and tear, have been examined 
after long intervals and found to be as free from defect aS equip¬ 
ment being regularly examined in expectation of trouble. The 
probabilities and Consequences of breakdown must be con¬ 
sidered in conjunction with the costs involved, and it appears 
that each undertaking must develop Its own maintenance pro¬ 
gramme with these considerations in mind and arrive at a scheme 
of its own, most suitable for local conditions. 

Mr. A. McKorn: I agree with the authors on the regular 
operations of switchgear; apart from “mechanical settling” there 
are secondary circuits and relays which are-vulnerable even to 
dirt on the contacts, and the only assurance that they will operate 
is to test them at regular intervals. 

Mr. W. Rowan: I should like the authors to say whether trans¬ 
formers installed in underground pits are reliable in service, 
and whether they require frequent maintenance. I noticed frcta 
one of the slides shown that the voltage was 3 30D volts. Do the 
authors expect the same reliable service from higher-voltage 
equipment, say 11 000 volts? 

Mr. F. J. Bell: Speaking of tripping batteries, the authors have 
referred only to secondary batteries. I would like to ask their 
experience as to the general efficiency and the maintenance 
necessary with primary batteries, such as Leclanche cells. 

The greater maintenance cost of cables drawn into ducts has 
been mentioned. What is the reason for this? Is it due to 
greater electrolytic troubles with cables in ducts, as compared 
with direct-laid cables? I have had considerable trouble in my 
section, particularly with light relay and telephone cables, the 
lead sheathing being perforated and eaten away by electrolytic 
action, obviously due to tramway currents. Is it not possible to 
minimize this trouble by earthing the sheathing of the cables at 
frequent intervals? 

* I am disappointed that the authors did not deal with the latest 
methods of fault location. We all know of the elaborate appa¬ 
ratus now provided for the localization of high-voltage faults, 
but many undertakings still locate their low-voltage faults by 
pick and shovel methods. The use of small multi-range test 
sets capable of taking a loop or a p.d. test would be quicker and 
more efficient for this purpose. 


[The authors’ reply to this 
page 583.] . . 


discussion will be found on 


NORTH MIDLAND CENTRE, AT LEEDS, 22ND FEBRUARY, 1944 


Mr* R. H. Grafton: The paper is of special interest to those 
engineers who are responsible for the continuity of supplies on 
a.c. networks, such continuity depending largely on the regular 
maintenance of plant and mains. Before such work can be 
undertaken, close consideration must be given to those safety 
measures necessary to protect the personnel concerned, hence I 
fully agree with the comprehensive safety precautions outlined 
~ by the authors. • S;•. ; 

“Permit-to-work” cards would have greater significance if, 
before signing the card, the person receiving it were instructed 
to read aloud its contents and to check that all-the safeguard s 
mentioned therein had been carried out. 

Increased security for persons working on high-voltage ap¬ 
paratus can be afforded by using a lockout key box to hold the 
keys which lock-off switches or ^ 

the apparatus on which it is desired to work. This key box 
should be secured by a lock having one key only, the key being 
held by the person in charge of the work, so that while it is in 
his possession the apparatus on which he is working cannot 




be made alive. The key should be surrendered when the 
“permit-to-work” card is cleared. 

" v - : 'Tbe keys used forlbdc^ switches on a switchboard should > j 
be non-interchangeable and properly labelled, so that padlocks 
on one switch cannot be unlocked by keys for another switch, 
and as indicated by the author the use of master keys should be 
strictly forbidden. ' 

Reference is made to the earthing of high-voltage feeder or 
transformer cables through the associated automatic oil circuit-* 
breaker. Earthing circuits by racking-in and closing an oil 
circuit-breaker, after fitting extension pieces to thejfeedec plugs 
and earths to the busbar plugs of the switch, is a valuable safety 
measure, as opposed to the fixing of earths by hand direct to the 
spout contacts. Should the feeder be alive, utilizing the breaker : ^ 
not only protects the operator from serious accident, bpt *also \ 
avoids a flashover to earth from the live spouts to frame, f For 
the safeguard to be effective, it is important for the alignment , 
of the extension pieces to be accurate so that these pieces do not., 
foul the contacts when the switch is racked-in; also the extension . 
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pieces should be* rigidly secured to the switch contacts to avoid 
fouling of the spout contact and the possibility of the contact 
being left behind in the spout when the switch is withdrawn. In 
addition, the extension pieces should be insulated or so designed 
that there can be no flashover to earth should the feeder contacts 
be alive. 

The authors mention the use of detectors during the operation 
of cellular switchgear. Live-cbnductor detectors have a valuable 
application as a safety precaution in checking that conductors 
are dead before earths or test leads are applied to them. They 
should be used as a last line of defence against error and after all 
possible visual checking of designating labels has been carefully 
carried out. 

• Regarding the safety precautions to be followed with fire¬ 
fighting installations, where there is no danger of maintenance 
personnel accidentally operating C0 2 detectors I would ask the 
authors whether they consider it necessary to shut off the C0 2 
in every case whilst work is being undertaken on plant protected 
by the C0 2 installation. 

Mr. Hk Hurworth: I should like to emphasize the author’s 
insistence on the strict observation of safety precautions, par¬ 
ticularly when apparatus es made dead for repair or maintenance 
work, but I do not consider that the “permit-to-work” card 

' system is the best method of ensuring safety. In my opinion it 
is weak, because it relies too much on the integrity of authorized 
persons. It assumes that a satisfactory standard of safety can 
be achieved by ensuring that the operator knows when supplies 
can safely be restored, and by providing a means of emphasizing 
to the authorized person that by signing the card he is made 
responsible for the safety of the workman. 

That is insufficient. The apparatus to be made dead is de¬ 
scribed, but provision should also be made to ensure that this 
description is understood by the workman. The card does not 
safeguard the workman against the possibility of future opera¬ 
tions making the apparatus alive inadvertently. Security from 
accident owing to this possibility depends on the care and 
accuracy of the control staff, and on additional precautions such 
as the removal of keys. On a modem system with complex 
switching arrangements, it is rare for the workman to realize what 
steps are necessary to secure his safety; therefore under most 
“permit-to-work” card systems, he must rely on the work of an 
authorized person whose procedure and instructions may not be 
checked. Accidents are bound to occur sooner or later, if no 
arrangements are made to enforce a reliable system of checking 
the procedure at each stage of the work. It is easy for the most 
conscientious person to make a mistake, particularly if he 
happens # to be distracted by worries. Many accidents have 
occurred in recent years through distracting influences, and the 
Annual Report of the Factory Department has thought it desir¬ 
able to .draw attention to several cases of accidents which might 
have been avoided by a system of chepking. : 

A very high standard of safety has been maintained during 
the last thirty years on one of the largest undertakings in the 
British Isles, by making two individuals separately responsible 
fpr the safety of each operation, one person thus checking the 
work of the other. Each stage in the process of arranging and 
carrying-out the work is checked. The workman is given full 
details of the switching and earthing procedure, in addition to 

He is made personally 


no subsequent operation can be carried out on this apparatus, 
without his permission. 

This cross-checking of the procedure at each stage encourages 
attention to the work and eliminates slackness. The workman 
appreciates his part in the system of checking, whilst the autho¬ 
rized person will take particular care to avoid operational errors 
when he knows that a mistake of this kind will be detected by 
a workman. 

During the time these methods have been in use no accident has 
been caused either by switching errors or by mental distraction. 

Mr. R. H., Coates: The authors could justifiably have given the 
question of records even greater prominence than they have 
done. The following example shows how much time and work 
they can save. 

In 1932,1 spent seven months doing commissioning tests on the 
N. W. England Grid substations. For a standard three-switch sub¬ 
station fully 400 different tests were necessary; in the absence of 
a system at the start, it took three weeks to complete each station* 
and the records of the work done were almost too involved to 
be intelligible. In re-organizing the work, the tests were split up 
on a decimal system, all tests of one type being 101, 102, 103, 
etc., the next type 201, 202, 203, etc., and so on. Sheets were 
duplicated to receive the results of tests, schematic diagrams were 
prepared, and the exact location of the testing transformer in v 
the substation was fixed so that the heavy test leads were kept as 
short as possible. The sequence of tests was worked out to 
minimize the change of connections and position of oil circuit- 
breakers, and to prevent as far-as possible a later test showing 
up a fault requiring previous tests to be repeated. The whole 
scheme was bound into a book for each substation, complete 
with diagrams and notes as to previous troubles, and was formally 
known as “T.T.T.” (Tips for Tired Testers). 

When we got into our stride we could do a complete sub¬ 
station, < with an accurate record of every test, in three days. 
Not only could we do the tests quickly, but very much more 
intelligently, Halfway through a substation we did not have to >- 
think what to do and how to do it; it was all written dowrt 
beforehand, and if any piece of apparatus behaved other than as 
the designer intended, we could give our full attention to what 
was wrong. vivVVyV v.*--; 

The authors question whether commissioning work and 
routine maintenance work should be carried out by the same 
personnel. I think, this depends on the size and type of work, 
since much maintenance is humdrum work and the type of man ^ 
best suited to it may not be best for commissioning new equip¬ 
ment, and vice versa. 

Section 5 refers to earth-fault indicating lamps on the control 
circuits. These are a very real danger, since they pass sufficient 
current to operate relays and produce, in effect, an earthed 
system. In Sheffield we have developed a super-sensitive earth- 
leakage alarm (British Patent No. 539839) which sounds an 
alarm when the insulation resistance M 
even with this equipment we found that since some switchboard 
relays operate at 10 mA we had; in effect, an earthed system, and 
with a single earth a relay has been operated by the leakage 
current of the earth detector. To retain the advantages of con¬ 
tinuous leakage detection and of an insulated system, we specified 
a minimum current for any relay of 50 mA. 

In 1931, at Grove Road power station, where the authors were 



exact particulars of the work to be done. ™ ~ , o .,...,,.... r ,,. .... . . 

responsible for checking each of these operations and is trained : installing busbar equipment of the type shown in Fig. 5 ? an earth 
to understand his part in the procedure. fault on the trip bus wire together with an earth fault on a positive 

The detailed instructions he receives are prepared in duplicate feed to some d.c. works power equipment operated every tripping 
by*a third persow, and a copy is handed to the authorized person relay on the board. The equipment v was not connected tor 
with an additional instruction that the operating procedure tripping the oil circuit-breakers so no harm was done, but it illus- 
requires checking. Finally, all keys belonging to. the locked trates the benefit of continuous leakage supervision .and also one. 
transferred to the-coritrol of the workman, so that of the weak points of the scheme of Fig. 5. . 
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In Section 7, the authors say that the economies of low-loss 
transformers justify a 20% increase in cost in view of the greater 
saving in maintenance costs. It would be of interest to have 
complete details in support of this statement. 

Dr. J. McCombe: There are a few important matters which 
the authors have omitted. Having been associated with two 
large undertakings covering 3 000 sq. miles, I have found the 
two most important items to be communications and transport. 
For intercommunication it is doubtful which is the better, the 
private telephone system or Post Office lines. Most firms have 
compromised and use both. Regarding transport, I have found 
that, in order to find faults quickly on a remote part of the 
system in difficult weather, vehicles should be so placed that 
the maximum distance to any district boundary is about 
12 miles. 

Mr. W. Fordham Cooper: In my view the object of “permit-to- 
"work” cards is twofold. First, the cards should indicate exactly 
which situations are safe and which are dangerous; secondly, 
they should indicate exactly what work is to be carried out. It 
should be a breach of rules either to enter or to approach a 
locality which has not been described as safe, or to undertake 
any work not included in the instructions. If other work has to 
be carried out either the permit should be amended or, prefer¬ 
ably, a new permit should be issued. All persons concerned 
should know precisely what is the work in hand and what may 
be done, and should refuse to do anything not covered by their 
permits and be protected against disciplinary action if they do so 
refuse. I have found that permits are not always taken suffi¬ 
ciently seriously, and suggest that senior engineers when visiting 
a site should always ask for the permit and then, when they 
have it in their hand, ask appropriate people what it covers to 
;see that it has been properly understood. I feel that something 
approaching military discipline is required for safety in work on 
and near live h.v. equipment. There must be no possibility of 
a mistake. 

- v With regard to Castel keys, master keys should be used only in 
an emergency, and then only by, or on the direct instructions of, 
Very senior officials. At all other times they should be kept 
under lock and key, and not be available to charge engineers or 
other persons about the power station without breaking a seal or 
forcing a cupboard, or some other obvious action. After one 
serious accident-it was found that all the charge engineers at a 
station had made their own master keys. ' 

Regarding the testing of switch oil, I do not think breakdown 
strength as ordinarily tested has any direct significance. The 


clearances adopted in all good switchgear are far in excess of 
those at which even the dirtiest oil would break down. The 
major importance of this test is as an indication of the con¬ 
tamination of the oil by moisture, carbon or other material 
collecting in a gap or settling on an insulating surface. * 

Bus-zone protection is in very general use in this part of the 
country, and up to the present I have heard of none of the 
troubles due to instability which were so generally feared. I 
should like to have some information on the authors’ experience 
in this connection. 

Mr. J. Mann: What are the authors’ objections to inter-mixing 
maintenance and erection staff? With us, maintenance staff are 
derived from the erection staff and vice versa. I have found this 
method to work very satisfactorily and it makes the men * 
thoroughly conversant with the activities of both sides. 

The “permit-to-work” system should be supplemented by a 
personal lock so that each maintenance man has his own lock 
and own key. A duplicate key should be kept locked away., I 
have found this method very satisfactory from the point of view 
of the safety of the workman doing the maintenance. - 

Mr. G. H. Sammons: Experience up and down the country has 
given me very decided views on the question of record cards, for 
I have scrapped several record-card systems because they were \ 
useless. The cards put forward by the authors look very at-* 
tractive when new; I would prefer to see cards several years old 
with the records engrossed thereon. In other words, the value 
of a record card is riot in the layout, column headings, etc., but 
in the written information. The most important factor in any 
card system is that it is nearly always out of date. A card made 
out to-day is out of date to-morrow, and unless very strict watch 
is kept on entries, card systems are more nuisance than tSey * 
are worth. /. • V'V; 

I must congratulate the authors on the layout of the mains 
records plans in Figs. 6 and 7. It seems to be most difficult to 
persuade a mains draughtsman to reserve road space for essential 
information, and to put all ancillary information on the building 
. space. .. 

The routine testing of cables is still a matter of controversy. In 
Birmingham, routine testing of cables is undertaken, and incipient 
faults are found and duly repaired. In Manchester, cables are 
left until they fail. On the whole the ultimate reliability of each 
system is about the same. 


[The authors’ 
page 583.] 
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NORTH-EASTERN CENTRE, AT NEWCASTLE-UPON-TYNE, 27TH MARCH, 1944 


Mr. E. C. I. Macdonald: This paper is especially valuable as a 
compendium of information, compiled from practical experience, 
on matter^ on which little has so far been published. 

The question of combining new construction staff with main¬ 
tenance staff can be argued both ways. I favour separation, 
provided there is a satisfactory degree of collaboration in the 
light of operating experience. A construction staff pure and 
simple, can view troubles in a detached way, is more free to study 


Batteries although toongst the most important accessories 
on the system, are sometimes the most abused/ Unnecessary 
wear and tear and early failure may result from “playing safe” by 
setting the trickle charge at too high a rate. Recent develop¬ 
ments in metal rectifiers bid fair to offer an alternative and ^ess 
vulnerable source of small power, where mains supplies c&ti 
reasonably be used. 

The authors’ load checking equipment seems a 


„ %\: t new developments, and is not hampered by a Subconscious feeling costly. Have they any experience of a simple thermal-type load 
I ' that expenditure must above everythin er else be related to current indicator with a characteristic anorovimatimy to that of the toan&* 






•t fonner? 


On a large system the number of copies?; of r^ords should be this typ 


kept aslgw as possible. There should be one master record, but 
contrd| engineers i should have infonnationtoadvance of 1 the 
records. : Staff .should never be allowed to assume that because 


^aiffdardi^atioh has been carried out; records are unnecessary. ' 



£ percubic foot do the authors useTor switch-room 

fieatnig?': | Sm glad;that they' fevtor tfo®hunatiOUpf plu^atpd- 


sr? I agree that load factor could not be estimated o wifh 
ype t but I assume such complete data are not expeetedfe „ 
any tot relatively heavily-loaded urban; areas. ^ It |||j 1 
Have the authors' found any difficulty in relating the rating#^ 11 
r.c. fuses to the overtoad it is desjred to handle, as 
te ultimate safe loading df the transft 
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Could be effected if over-current protection were restricted to 
outgoing feeder switches. Much of course depends on the 
system connections. Do the authors take any special pre¬ 
cautions in bonding or earthing cables near electrified railways? 

I endorse all they say on keeping the number of sizes of cable 
to a rninimiim , and their selection entirely confirms my own 
experience. It must be remembered that the cost of installing the 
next larger standard size of conductor, e.g. a stock O’25 in 2 in¬ 
stead of a 0-20 in 2 , is usually a very small proportion of the 
total cost of any given cable installation, and is amply covered 
by the saving in stock types required. 

Mr. F. E. Heppenstall: The authors have rightly emphasized 
the importance of safety regulations, but have made no reference 
to the use of a search-coil test to locate cables, a device that 
gives additional safeguard. 

The maintenance schedules given are very complete, but it is 
to be’ hoped that a certain amount of discretion is exercised 
over the length of maintenance periods concerned with such work 
as switchgear cleaning, routine operation of circuit-breakers, 
transformer-connection inspection, acidity tests, etc. In many 
cases there is little reason for carrying out this work very 
frequently. 

The use of integrating meters with M.D. attachment has been 
found very helpful to give maximum substation loading and load 
factors.' ® . 

Caution should be exercised in relay tests involving the. re¬ 
moval of relay leads, and the cleaning of contacts on time-limit 
fuses is important for reliable operation. 

Have the authors solved the difficulty of lifting pavement lids 
ih frosty weather? What compound have they found most 
suitable for this duty? r 

Mt. J. E; Lambert:;The routine maintenance of transformers, 
etc., as outlined by the authors is similar to that carried out in 
this district, with the possible exception of the time factor. 
For the purification of oil, we use the centrifufee-blotter press 
and the filter pack, both with cold filtration, and with the oil 
heated before filtration. Experience shows that each has its 
good points, depending on the nature and quantity of the foreign 
matter to be dealt with. Heating the oil before filtration is 
limited to major substations, as the electrical loading of this type 
of purifier is too high for the kVA capacity available at smaller 
substations. Experience shows that deterioration of the oil is 
accelerated by heavy loads and high working temperatures. 

Experience in this district with regard to the sludging and 
acidity of oil is similar to that reported by the authors. We have 
had no difficulties with excessive sludging or acidity on trans¬ 
formers* fitted with conservators, only periodical filtering being 
necessary.. Self-cooled indoor transformers are more prone to 
acidity than outdoor, probably because of less efficient venti¬ 
lation.. It is important that the rise of acidity as well as its 
value should be carefully watched, for experience shows, that 
affer reaching 0*5 mg KOH per gramme of oil as given in 
Section 6.1.2 (c) and (d), the rate of rise increases. A unit at 


contact with the windings and tank. The better procedure is 
to lift the windings and to wash them with clean oil under pres¬ 
sure, to scrub the inside of the tank and cover it with hot soda- 
water and then clean water, and then to put both windings , and 
tank into a vacuum oven. After drying, the unit is re-assembled 
and filled with the new oil. 

Regarding the return of the acid oil to refineries where it can 
be treated at a small cost, would the authors give some idea of ? 
the number of gallons which will be accepted for treatment in one 
lot? Have the authors any experience of the purification of oil 
using activated alumina? 

Our maintenance routine for tap-change transformers is on 
the same lines as that of the authors. We use portable drainage 
t ank s, as from experience it is advisable to avoid using a large 
number of oil-drums wherever possible. If oil-drums are em¬ 
ployed, then two sets should be in use, clean and dirty, arid easily 
recognizable, and regular use should be made of an oil-drum 
washer.;. 

Table 2 contains the item “Inspect explosion diaphragms, re¬ 
place fractured ones.” Would the authors give their experience 
of the material used for this purpose? We have experience of 
copper, al uminium , glass, celluloid and Tufhol, none of which 
is very satisfactory from a weathering point of view. 

Mr. W. Dixon: Whilst cold filtration of oil may be desirable,, 
we have found in practice that oil heated before being purified 
has given satisfactory results, and there is of course a sav ing in 
time. The statement that the centrifugal cleaner requires special 
processing when dealing with carbonized oil presumably refers 
to oil containing colloidal carbon. Our experience has been that 
the filter purifier will not operate for a long period if the oil is 
very wet or very dirty. The authors, on the other hand, recom¬ 
ment that Penetrol should be heated before being purified. Is 
there any difference in the amount of impurities likely to be ‘ 
dissolved in this oil as compared with the more fluid oil? 

With regard to power factor toting of insulators, it is important 
that such tests should be carried out and a record kept for each' 
insulator, as the actual value of power factor is not so important 
as a change in value. . ^ 

I should be interested to know the authors’ expenence of the . 
comparative life of lead and alkaline batteries, and 3jow their ; 
maintenance costs compare. The proposal to use^ a portable * 
spare battery is usefiol in a rural area, but hardly applicable to the 
larger substations where a solenoid current up to 500 amperes 
may in some cases be needed. • 

It is suggested that acidity can he checked by the purification of 
the oil by a centrifuge or filter. I was under the impression that 
it was difficult to remove acidity from oil by this means, and that 
the oil has either to be washed with water, and the water either ,; 

returned to the refinery for treatment. I would like to have the 
authors’ views on this. 

It is suggested that the tap-change units should if possible be 
•divided so that the selector switches are in one oil compartment 
and the others whicii make or break current in a separate corn- 


present under observation^ KOH 

**1 S-^wiS Se authors’ comments in Section 6.1.2(e), but silica gel absorbs all t& moistureit 
-wotfld add that, in our experience, once an oil has reached an driven off again by ea eamen 

* grapujated^ carbon. transformer costs begs. tte question^^Vh^t afeNhe 


by new oil, the latter very quickly becomes actd from like to fcno' 
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of maintenance of such cables as compared with that of the 
H-type of cable, particularly for 33-kV? At this voltage 
both the H-type and oil-filled cables are satisfactory from an 
electrical point of view, and a decision on the type to be used 
has to be made on the basis of first cost and maintenance 

costs. . 

Mr. J. S. McCulloch: To overcome the difficulties mentioned 
by the authors of finding continuous employment for new in¬ 
stallation work, I would suggest it should be handled by outside 
contractors, but overlooked and watched by the maintenance 
engineers. In a large public-utility organization, I cannot see 
that it is economic or efficient to have the maintenance staff 
actually doing new installation work. 

The “permit-to-work” card system described is used on most 
large undertakings, but occasional fatalities still occur. I feel 
very strongly that the number of fitters and non-skilled men 
allowed to be under the charge of an authorized person should 
be stated on the card, and that the number so allowed should 
be kept low. 

. The advantages of a continuous trickle charge are now ad¬ 
mitted, but I have heard maintenance engineers state that bat¬ 
teries so maintained and which have little load drawn from them, 
are much improved by an occasional “full-rate” discharge apart 
.from the two-yearly discharge to obtain test data. What is the 
authors’ opinion? 

I was interested to learn that the authors advocate the use of 
h.r.c. fuses for overload protection. As the thermal charac¬ 
teristics of these fuses do not follow the thermal charac¬ 
teristics of transformer insulation, I shall be glad if the authors 
will state how they provide sustained overload protection and 
yet prevent the transformer from inadvertent tripping on short 
overloads of a higher value which do not have an adverse effect 
on the transformer insulation. 

In these days it is difficult to obtain the use of an isolated 
generator for commissioning tests on protective gear. I am 
• surprised the authors do not advocate the use of a portable low- 
voltage primary-injection set. Almost all maintenance pro¬ 
tective-gear installations can be commissioned with such a set, 


gas? I should be grateful for some information of the methods 

employed. . . ’ • , ' * 

Reference is made to electrolysis m cable runs, but the authors 
do not indicate to what extent this trouble occurs. Assuming: 
that the cables are not laid in a waterproof duct, have they tried 
other methods of dealing with the trouble, and if so have they 
met with any degree of success? 

As regards the maintenance of oil-filled cable, we have only 
recently installed automatic oil-leak indicators on a number of 
66-kV feeders. As we have not yet formulated our final main¬ 
tenance routine for these feeders, I am very interested in the 
scheme the authors have adopted in their area. I agree that 
permanent oil-pressure gauges, especially in underground pits, 
are very liable to error, and one would like to dispense with them * 
entirely, provided one could be reasonably certain that the oil- 
leak switches could be relied upon and their operating character* 
istics remained satisfactory. We have not yet had sufficient ex¬ 
perience to say whether this is fairly certain to be the case.. I 
assume that the authors have a number of feeders not provided 
with automatic oil-leak indicators, and I should be glad*of some 
information regarding the routine checking of oil pressures on 
such feeders. 

On comparing the actual oil pressures with the calculated . 
values derived from the information on the profile, a fairly 
accurate knowledge of the oil temperatures in the secticm appears 
to be important. How do the authors compute their oil tem¬ 
peratures for this purpose? 

Referring again to mains records, I do not agree that different 
types of armouring and servings should be relied upon to identify 
cables. I feel that the choice of the covering for a cable should 
not necessarily have any relation to the matter of identification. 
If the records are accurate and complete, they should be good 
enough for identification purposes without any special cable 
covers. An exception to this rule is with cables belonging to 
different authorities laid adjacent to each other in the same foot¬ 
path or roadway. In such cases I would use a distinctive cover 
board or tile over the cable. 

Mr. W. D. Lovell: As indicated in the paper, the desirability of 


tective-gear installations can be commissioned witn sucn a sec, w. mj. mjww. m muiuuw 

the only exception I have met being where current transformers organized planning and of the recording of plant maintenance has 
are installed in the h.v. bushings of transformers. in recent years been recognized by many large undertakings, and 

In Section 9.3.2,1 think the authors might have stressed the several effective schemes have been evolved. This development 

necessity of avoiding the removal of protective gear wiring from has, to my mind, been brought about mainly on account of 

terminals for the purpose of tests. Testing sets should be de- special local conditions and to some extent by additional com- 


signed to avoid this; the practice of bringing relay wiring to the 
front of panels into link boxes is to be highly commended.' The 
authors mention links only in connection with the ends x>f pilot 
cables. ’.v- 

In Section 9.3.3; the authors rightly stress the importance of 
checking the timing of injection-type relays. I would suggest 
that the iisefuhiess of a secondary-injection set would be im¬ 
proved by tfie incorporation of a synchronous timing device. 
Such a device would not unduly increase the overall dimensions 
or weight of the set. It could be connected so that it started on 
application of the secondary fault current and stppped on the 
closing of the relay contacts or, if required, the opening of an 
auxiliary switch oh the drcuit-breaker mechanism, 

Mr. L. A. Bates: I am chiefly interested in; mains, and I would 
like to raise one or two points relating to them. I am surprised 
that the design number or drawing number of the joint and the 
termination used are not includedin therecord ^ This) 

information can be very important as time goes cm, especially if 


AVVM.A — ’ 

plications and automatic features in the design of electrical plant j 
and equipment requiring periodical inspection and attention. In ’ 
considering any scheme of plant maintenance, I think it is well ,.j 
to bear in mind that, while a scheme may have proved quite sue- xj 
cessful and beneficial on one undertaking, it does not necessarily j 
mean that the same results will be obtained on another under-' H 
taking. Careful preparation and the issuing of detailed in- ;j. j 
structions oh plant maintenance ate, I think, very desirable, but * 
what is of greater importance in my opinion is some form of 
follow-up method to ensure that the work is carried out as 
planned. It has been my experience that unless some such/^ 
method is adopted there is a tendency for side-tracking, and | 
if this is not checked a good scheme can become a complete :p 
failure. \ 

With regard to the question of staffing, I am in general agree- 
ment with the authors’ views in the first paragraph of Section l^g 
except that I favour the placing of ail constructional, operation* 


informationean be very important a$ time goes on, especially if and maintenance work under the same staff. In addition to twr?* 

replacements are called for or if trouble due to defective design advantages mentioned by the authors, this tends to bette»ojp6^® 

:.fe^xperiei^£' : ;'':;f' ; ;;>^ tional co-operation and also prevents the undesteible 

The authors say that, to prevenf the spread of gas alonga duct of watertight compartments and eliminates the oyeriappwJ& 

line, tlie ducts are sealed at oneend of each run. Is this intended duties and divided responsibility. Admittedly this me&odor;', 

to be a permanent seal, or fe 5 ^ ofidy tdrfestfkst the passage of staffiog whens Applied to large undertakings, sometimes $ 
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duces limitatioifc and certain difficulties, but even so there are change in excess of which they take bushings out of service? 
undertakings which have successfully overcome such drawbacks What testing voltage is used? 

• without having to resort to decentralization. Mr. W. G. Guns {communicated) : Where do the authors recom- 

Froiy my own experience of the “permit-to-work” system both mend that maintenance instructions for apparatus should be 

in this, country and overseas, I consider that for large under- kept? Id the head office, in the district engineer’s office, in a 

takings it is one of the best so far devised. For medium and small desk or cupboard at the station or substation concerned, or in 

undertakings it is questionable whether there is the same need a pocket on, or attached to, the apparatus concerned, with limi- 

for its use, as there are several good “key” systems less elaborate tation of quantity to one where identical apparatus is installed? 

and equally flexible, which have proved in practice to be quite Mr. D. Riach {communicated): Sm^ll wiring c onne ct ion s not 

safe and reliable. Moreover, full advantage of the “permit to properly refixed after disconnection are a common source of 

work” card system can be obtained only when some form of trouble on distribution switchboards. The standard method is to 

day-and-night centralized control is established, which is often bolt the connections. In my view this type of c onnection is 
difficult to justify on small undertakings. appropriate only if the duty involves frequent Hi<awm«»tj n g 

Mr. E. E. Dunn: In connection with oil-filled cables, the There ought, however, to be no occasion for dk<v>nnwtin g small 
authors include in their data pressure/volume curves for tanks, wiring, either prior to or after commissioning switchgear, and I 

Is each curve for a group of tanks operating as a unit on each suggest that soldered connections would be more appropriate, 

oil section? Would the authors say how they use these curves. Soldering lugs should take the place of screws for the terminals 
seeing that the cable oil-pressure limits are indicated on the of the panel instruments and terminal boards, etc. As a result, 
profile. Fig. 14? the procedure for testing, commissioning and maintenance would 

Apart, from moisture, have the authors found that a pro- help to avoid disconnecting small wiring, 
gressive decrease in insulation resistance is characteristic of any The authors advise that the use of master keys for operating 
particular form of deterioration of transformer insulation? locks on high-voltage apparatus should be forbidden. Does this 
Regarding the reference to routine tests on 66-lcV switchgear mean that master keys should not be available even to the 
bushings, have the authors fixed upon any degree of power-factor authority forbidding their use? 

• 

THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 

Messrs. F. N. Beaumont and F. A. Geary (in reply): We refer consider that the filter type is the most effective for solid im- 
to our reply to the London discussion* to many points raised, purities and semi-colloidal carbon. The detailed examination 
particularly on the question of staffing. The “permit-to-work” of transformers advocated is generally only possible on site with 
card system must be based on a rigid code of rules; the operation ■ small units. 

of switchgear and the proving of apparatus safe to work on are Mr. Henderson.—We endorse the views of Mr. Henderson, 
the responsibility of the authorized person, and he alone should especially regarding the use of detectors on metalclad equip- 
have access to keys. On our undertakings isolator keys con- ment. Earthing gear for metalclad switchgear is often cumber- 
trolling circuits earthed for work on mains are handed to the some and inefficient, and there is scope for its improvement, 
mains engineer and a “permit-to-work” card is issued to him. Apart from metering tanks forming a part of the switchgear]. 

Replies to points of individual interest are made below. metering per se was considered to be outside the scope of the" 

Messrs. Oswald, Calwell, Rowan, Coates and Dixon. —The paper. V 

hermetically-sealed transformer is suitable for use either under Mr. Stevenson. —In neither of our undertakings are h.v. cables 
or above ground, the basic principle being the exclusion of periodically tested with h.v. direct current. We consider this * 
moisture and oxygen. When used underground, the surround- most undesirable. The 0 • 4 in 2 four-core l.v. cable Shown in * 
ing tank is merely air-filled. Transformers of standard design as one of the diagrams is not modern and is not included in our 
regards iron and copper losses have been used, i.e. for a 120-kVA suggestions for standardization, which are made for the future 
3-phase 3 300/400/230-volt transformer the iron loss is 700 watts, and based on experience. 

and the copper loss 2 000 watts; but for completely unventilated Mr. Easton. —We agree that maintenance problems will be # 
positions a design is used with an iron loss of 460 watts, and a reduced, but only as a result of systematic records taken by the 
copper loss of 1 300 watts. There is little difference between maintenance engineer and passed to the designer, so that the 
the temperature of the oil and that of the ambient air, as the necessary modifications may be made to items found to require 
only radiation is that absorbed by the soil surrounding the con- excessive attention. 

taming tank; but oil temperatures up to 60° C are obtained Mr. Bell.—-We abandoned primary tripping batteries many 
underground with load factors of 30% or higher, and during years ago; the alkaline or lead-acid battery is more flexible and, 
periods* of full maximum demand. These transformers are so in our opinion, more suitable for such duties. The inherent 
reliable that the condition of the oil is found to be as good as disadvantages of cables drawn into ducts were mentioned in the 
new after five years’ service with no intervening inspection; this paper, but probably electrolytic action is avoided with directly- 
fact alone justifies a 20% increase in initial cost. We see no laid cables by using compounded hessian serving.* Plain lead- 
reason why higher voltage equipment, say of 11 000 volts, covered cables with this serving should be free from electrolytic 
should not be equally satisfactory- action when dravm into diK^. The scopes 

Mr, Hanna.—The blotting-paper filter press has the disadvan- eluded a Section on fault location; we use an h.v. direct-current 

tag* of introducing fibres into the oil, making it advisable to bridge for locating faults on h,v. cables and obtain remarkably 

pass the oil through a centrifuge afterwards. This disadvantage accurate results. 

has been overcome in a design using paper discs with edgewise Mr. Grafton. —On one of the authors’ undertakings the auto- 
filtration, the oil finally passing into a chamber under vacuum for marie .feature of C0 2 installations is made inoperative in the 
the ^extractior^of moisture, etc. The efficiency of the cold- section where any maintenance work is proceeding; the manual 
filtration type with a bed of kieselguhr and charcoal is increased feature is then relied upon. 

by periodic cleaning of the tubes and serrated washers. We Mr. Hurworth.—The variant of the “permit-to-work” card 
* journal lejs., 1944 , 91 , Part n, p. no.. ^ The maintenance fitter or 
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jointer is employed to carry out work on the plant specified and 
his participation in operation appears to place on him a measure 
of responsibility for work he is neither interested in nor com¬ 
petent to judge/ and therefore we contend that all operating and 
proving of apparatus dead be wholly entrusted to a reliable 
authorized person working with a central control. 

Mr. Coates .—We agree that commissioning tests should be 
based on a detailed and systematic schedule. The experience 
with earth-fault indicating lamps is interesting. 

Dr. McCombe .—Our experience has shown that a private 
telephone system for inter-station communication combined with 
the Post Office system meets all requirements, the former being 
invaluable for system operation and testing. Portable tele¬ 
phones for pilot testing are also useful. We agree with the 
remarks regarding transport. 

Mr. Cooper .—We strongly endorse Mr. Cooper’s views regard¬ 
ing the interpretation of the breakdown value of oil; this must be 
taken in conjunction with tests for clarity, acidity and flash-point. 
The danger from carbonized oil is that the settling of the carbon 
op insulators may lead to tracking and failure. The busbar-zone 
protective scheme detailed has given excellent results and has been 
free from instability. 

Mr. Mann .—Far from objecting to intermixing maintenance 
.and erection staff, we have advocated it in Section 1. ~ 

Mr. Sammons .—In the record-card systems detailed we agree 
that it is essential that all information should be recorded as 
sopn as the work on the equipment is complete; unless this rule 
is strictly adhered to any record system is misleading and 
inaccurate. 

Mr. Macdonald .—The maximum-demand ammeter used in 
underground transformer tanks is of the ordinary thermal type. 
We agree that it is impossible to relate the-capacity of h.rx. 
fuses to more than one factor; we therefore ignore overload pro¬ 
tection for distribution transformers and protect against faults, 
either on the transformer or network. The loading per cubic 
.foot for switchroom heating is based on site conditions and 
humidity. A certain large underground switch house has a 
loading of 0*6 watt/ft 3 with 50% of the tubular heaters con¬ 
trolled by thermostats; whereas a humid site above ground with 
open front canopied switchgear has a loading of 2*0 watt/ftA 
Over-current protection is always a useful back-up feature on 
balanced schemes; whether it could be dispensed with will depend 
on system layout and possible future network modifications. 

Mr. Heppenstall .—The time intervals in the schedules are 
chiefly maximum ones except where stated; more frequent in¬ 
spections may be necessary in special cases. Increasing the time 
intervals often leads to neglect of plant 

Mr. Lambert garding explosion diaphragms, we have 
experience of glass and Bakelized linen; the latter deteriorates 


in. time but appears reasonably sensitive, although most types •! 
appear unreliable in their performance and are influenced by # the* 
position of the explosion relative to the diaphragm. 

Mr. Dixon .—We favour cold filtration of oil whenever pos- j 
sible and cannot agree that time is saved by pre-heating» The 1 
disadvantage of Penetrol is that no standard oil purifier will deal ’ 
with it at ambient temperature. Our experience has been that 
the centrifuge is the most effective purifier when dealing with this 
type of oil with a high moisture content. It is not claimed that 
the acidity value of oil is reduced by the commercial purifier, but 
the removal of sludge, etc., by regular purification of transformer 
oil improves the efficiency of the cooling system and hence 
minimizes the tendency towards acid formation. Warm, dry air 
passing from the conservator through the silica-gel breather * 
during the loading cycle has a small regenerative effect. We do 
not agree that H-type cable is as satisfactory as oil-filled cable for 
33 kV in service. The cost of maintenance of oil-filled cable is 
restricted to three-monthly pressure readings; the comparison j 
between the H-type and the oil-filled type is proportional to the 
safety factor desired; • 

Mr. McCulloch .—With trickle-charged batteries, we agree that / 
a supplementary full-rate discharge test is beneficial; also a 
gassing charge after topping up. Our views on the use of h.r.c. 
fuses are referred to in our reply to Mr. Macdonald. 

Mr. Bates .—We have no oil-filled cable routes not provided 
with automatic leak indicators and, with regard to the routine 
checking of oil pressures, we suggest a series of short-period t 
readings in the initial stages of installation. In comparing the 
actual oil pressures with the calculated values derived from the j 
-information on the profile, the oil temperatures of sections are 
taken at the same time as pressure readings, the thermometer 
being immersed in the gauge connection of the pressure tank. 
These values are compared with those calculated from cable j 
loading and ground temperatures. 

Mr. Dunn. —Power-factor routine testing of 66-kV bushings is 
carried out at 38 kV. The change in power factor is more im¬ 
portant than the absolute figure, but a bushing having a power 
factor greater than 4 % is subjected to special investigation and 
tests: The curves in Fig. 14 for oil-filled cables refer to each / 
individual section. Curves are used to denote any subsequent 
collapse of internal diaphragms due to leakage or imperfection | 
in manufacture. 

Mr. Guns .—Our practice is for all records relating to distri- j 
bution to be kept in the district engineer’s office. • 

Mr. Itiack.—'We consider that the danger of loose terminal 
connections on instruments and relays is exaggerated; the bolted 
connection has much to commend it. We adhere to oyr- state- ; 

ment that no master keys should be available to anyone for ' 

operating locks on high-voltage apparatus. 














